Role of chemical and enzymatic modifications of milk proteins on emulsion stability/properties : Approaches for more stable protein emulsions by Ma, Hairan
Role of chemical and enzymatic modiﬁcations of 
milk proteins on emulsion stability/properties 
Approaches for more stable protein emulsions 
 
ISBN 978-951-38-8333-1 (Soft back ed.) 
ISBN 978-951-38-8334-8 (URL: http://www.vttresearch.com/impact/publications) 
ISSN-L 2242-119X 
ISSN 2242-119X (Print) 
ISSN 2242-1203 (Online) 
V
T
T
 S
C
IE
N
C
E
 1
0
3
 
R
o
le
 o
f c
h
e
m
ic
a
l a
n
d
 e
n
z
y
m
a
tic
 m
o
d
ific
a
tio
n
s
 o
f m
ilk
... 
•V
IS
IO
N
S•
SC
IENCE•TEC
H
N
O
L
O
G
Y
•RESEARCHHIG
HL
IG
H
T
S
 
Dissertation 
103 
Role of chemical and enzymatic 
modiﬁcations of milk proteins 
on emulsion stability/properties 
 
Approaches for more stable protein 
emulsions 
 
Hairan Ma 
VTT SCIENCE 103 
Role of chemical and 
enzymatic modiﬁcations of 
milk proteins on emulsion 
stability/properties 
 
Approaches for more stable protein 
emulsions 
Hairan Ma 
VTT Technical Research Centre of Finland Ltd, Espoo, 
Finland 
Department of Food and Environmental Sciences, Faculty 
of Agriculture and Forestry, University of Helsinki, Finland 
Thesis for the degree of Doctor of Philosophy to be presented with 
due permission for public examination and criticism in B-building 
Latokartanonkaari 7, at University of Helsinki, on the 11th September 
2015 at 12:00. 
ISBN 978-951-38-8333-1 (Soft back ed.) 
ISBN 978-951-38-8334-8 (URL: http://www.vttresearch.com/impact/publications) 
VTT Science 103 
ISSN-L 2242-119X 
ISSN 2242-119X (Print) 
ISSN 2242-1203 (Online) 
Copyright © VTT 2015 
 
 
JULKAISIJA – UTGIVARE – PUBLISHER 
Teknologian tutkimuskeskus VTT Oy 
PL 1000 (Tekniikantie 4 A, Espoo) 
02044 VTT 
Puh. 020 722 111, faksi 020 722 7001 
Teknologiska forskningscentralen VTT Ab 
PB 1000 (Teknikvägen 4 A, Esbo) 
FI-02044 VTT 
Tfn +358 20 722 111, telefax +358 20 722 7001 
VTT Technical Research Centre of Finland Ltd 
P.O. Box 1000 (Tekniikantie 4 A, Espoo) 
FI-02044 VTT, Finland 
Tel. +358 20 722 111, fax +358 20 722 7001 
 
 
Juvenes Print, Tampere 2015 
 3 
Abstract 
Milk proteins, sodium caseinate (CN) and whey protein isolate (WPI) are used in 
food industries as emulsifiers. The stability of an O/W emulsion is dependent on 
the electrostatic and steric repulsion provided by the interfacial proteins against 
droplet aggregation or lipid oxidation. Therefore, modifications of the surface 
charge or the interfacial conformation of protein emulsifiers are expected to 
enhance their emulsifying properties and emulsion stability. In this present work, 
sodium caseinate and whey protein isolate were modified by different chemical 
and enzymatic approaches. The modified proteins were characterized using 
multiple techniques, and the effect of these modifications on emulsifying properties 
of proteins and emulsion stability were investigated. 
Succinylation converts the positively charged amino groups into negatively 
charged carboxyl groups, lowering the isoelectric point (pI) of protein. The 
ethylene diamine (EDA) modification worked in the opposite way, leading to an 
increased pI. The extent of these two modifications was studied using SDS-PAGE 
and MALDI-TOF mass spectrometry. The pI of succinylated and EDA modified 
milk proteins was studied using zeta-potential measurement. As a result, the 
succinylation to full extent altered the pI of CN from 4.2 to 2.7, and the EDA 
modification shifted the pI of CN and WPI from 4.2 to 9.4 and from 4.9 to 9.5 
respectively. The pH stability of emulsion made with the modified milk proteins 
was monitored by following the increase of particle size during storage. The 
results suggested that succinylation and EDA modification could enhanced the 
emulsion stability at pH 4–7 by increasing the electrostatic repulsion between 
droplets. 
Regarding the enzymatic modification of milk proteins, the laccase and 
transglutaminase (Tgase) catalyzed cross-linking were applied on WPI and CN 
respectively. In order to improve the reactivity of WPI towards the laccase, a 
vanillic acid modification was carried out to incorporate additional methoxyphenol 
groups into the protein surface. The cross-linking of vanillic acid modified WPI 
(Van-WPI) by laccase was studied using SDS-PAGE. The extent of cross-linking 
of Van-WPI was found to be significantly higher compared to the unmodified WPI 
and the combination of WPI and free phenolic compound as a mediator. The effect 
of laccase catalyzed cross-linking on storage stability was investigated by visual 
observation and confocal microscopy. The post-emulsification cross-linking was 
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proven to enhance the stability of the emulsions prepared with Van-WPI during the 
storage. The reduced droplet coalescence could be most likely attributed to an 
extended interfacial protein layer formed via the interaction between the adsorbed 
proteins and non-adsorbed proteins in the water phase. In contrast with the limited 
extent of cross-linking of WPI by laccase, CN was extensively cross-linked by 
Tgase. The physical stability of emulsions was studied by measuring the increase 
of particle size during storage, and the oxidative stability was evaluated by 
following the formation of fatty acid hydroperoxides and volatile compounds in 
different stages of the lipid oxidation. The pre-emulsification cross-linking showed 
no obvious influence on the physical stability of CN emulsion but significantly 
improved its stability against lipid oxidation. The improvement of oxidative stability 
of emulsions could be contributed to a thicker and denser interfacial protein layer 
and thus increases the amount of anti-oxidative groups located at the interface 
and provides a stronger barrier against competitive adsorption by oil oxidation 
products. 
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1. Introduction 
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1.1 O/W emulsions and emulsifiers 
Oil-in-water (O/W) emulsions are mixtures containing oil as dispersed phase and 
water as dispersion medium. The two immiscible liquids in emulsion are often 
mixed by high external energy, for example high pressure or high speed blending, 
and the oil phase eventually breaks into small droplets. O/W emulsions are used 
in various industrial fields such as foods, cosmetics, lubricants and 
pharmaceuticals for the transfer, delivery or controlled release of active 
components [Gallegos & Franco 1999]. Different types of ingredients, for example 
emulsifiers, salts, colorants, antioxidants and hydrocolloids, can be added to 
emulsions with subsequent functional contribution to the sensory and stability of 
an emulsion-based product [McClements 2004].  
    Emulsifiers are used in emulsions to facilitate the homogenization process and 
assist in maintaining the emulsion stability (ES) due to their amphiphlic nature. 
Addition of emulsifiers reduces the interfacial tension between the oil and water 
phases, decreasing the energy needed to disrupt the droplets during the 
homogenization [Dickinson 1993]. Due to the immiscible nature and different 
density of oil and water, emulsions are thermodynamically unstable and phase 
separation tends to take place during storage. Emulsifiers form a protective shell 
around the droplets generated in the emulsification process. This layer in turn may 
prevent the droplets from aggregation and retard the mass transfer between the 
two phases [Capek 2004]. Large molecular weight (Mw) emulsifiers such as 
proteins or other amphiphilic polymers can stabilize the interface by forming an 
immobile viscoelastic film, while an interfacial layer built by small molecular 
surfactants is highly mobile [Bos & van Vliet 2001, Tcholakova et al. 2008]. The 
formation of an O/W emulsion is presented in Fig. 1. 
 
Figure 1. Formation of emulsions with assistance of emulsifiers. 
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1.2 Milk proteins and their role as emulsifiers 
Milk proteins have high nutritional value, excellent surface properties and high 
sensory characteristics [Dickinson 1997]. The two main classes of milk proteins 
are caseins and whey proteins. The casein family, including αs1-, αs2-, β-, and κ- 
casein, represents approximately 80% of the total weight of cow’s milk proteins. 
Casein monomers exhibit flexible random coil structures while in their natural state 
in milk they tend to aggregate into a micellar form [Walstra 1999]. Whey proteins, 
including α-lactalbumin, β-lactoglobulin, bovine serum albumin (BSA) and 
immunoglobulins, represent the residual 20% of milk proteins and are 
distinguished from caseins mainly for the stability around their isoelectric points (pI) 
and rigid globular structures [Goff & Hill 1993]. Both caseins and whey proteins 
have been widely used as food emulsifiers due to their excellent emulsifying 
capabilities [Dickinson 1998a]. The hydrophobic moieties of these milk proteins 
can readily adsorb onto the surface of newly created oil droplets during the 
emulsification procedure and the hydrophilic parts stretch out in the water phase, 
forming a protective layer at the interface. This interfacial layer provides an 
electrostatic repulsive force against droplet aggregation since the surface proteins 
are of the same type of charge. At the same time the protruding hydrophilic groups 
build a steric hindrance against a direct contact between the cores of droplets 
during collision [Stauffer 1999]. Caseins have a relatively high surface activity and 
can rapidly decrease the surface tension attributed to their open structures. 
Therefore they are believed to have higher emulsifying activities than whey 
proteins due to a higher rate of adsorption at the oil and water interface [Sharma & 
Dalgleish 1993]. The thickness of the adsorbed layer of caseins on a solid surface 
is around 10 nm [Husband et al. 1997]. For globular whey proteins, it takes longer 
time for the adsorption and the conformational rearrangement at the O/W interface 
during and after the emulsification stage. However, once the interfacial films are 
formed, the interfacial whey proteins are believed to provide better surface 
elasticity against coalescence than caseins [Boyd et al. 1973]. O/W interface 
stabilized by caseins, whey proteins and small molecular surfactants are 
presented in Fig. 2.  
 
 
Figure 2. Adsorption of caseins, whey proteins and surfactants at O/W interface. 
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1.3 Emulsion stability 
Emulsion stability describes the resistance of an emulsion against physical and 
chemical changes over time. In general, emulsion stability largely depends on the 
production, storage conditions and the physicochemical properties of its 
compositions. A good understanding of how emulsion stability is affected by the 
relevant factors such as the structure and charge of the interfacial layer and the 
surrounding molecular environment is the base for predicting and improving the 
quality of an emulsion product. 
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1.3.1 Physical stability of emulsions 
The thermodynamic stability of emulsions depends on the free energy of the O/W 
systems before and after emulsification [Hunter 1989]. In general, formation of 
macroemulsions which refer to those containing droplets with average diameter 
over 0.1 μm is thermodynamically unfavorable due to the increase of interfacial 
area. Microemulsions with extremely small interfacial tension and droplets size 
(diameter less than 0.1 μm) are thermodynamically stable if the increased 
interfacial energy can be overcome by the increase of configurational entropy 
[Solans et al. 2005]. In the scope of this work, only the instability of 
macroemulsions is concerned. 
Destabilization of emulsions often leads to physical changes in the spatial 
distribution or structural organization of droplets. The most common destabilization 
behaviors in an O/W emulsion are creaming, flocculation and coalescence 
[McClements 2004]. Creaming occurs due to the gravitational difference between 
oil and water. The oil droplets move upwards and gradually form a dense layer at 
the top of the emulsion [Robins et al. 2002]. Flocculation refers to the droplets 
aggregation in which the droplets stay together after collision with their intact 
identities [Dickinson 1998b]. Coalescence describes another type of aggregation 
whereby the droplets merge into larger droplets after collision [Tcholakova et al. 
2006]. Other destabilization phenomena of importance include Ostwald ripening 
and phase inversion. In Ostwald ripening large droplets grow at the expense of 
smaller ones due to the diffusion of molecules from small droplets to larger 
droplets upon dissolution in the continuous phase [Taylor 1998]. During phase 
inversion O/W type emulsion changes into water-in-oil (W/O) type or vice versa as 
a result of the spontaneous rearrangement of interfacial surfactants [Araújo & de 
Oliveira 2011]. The destabilization process, if properly controlled, can sometimes 
assist the formulation of emulsion products or help to improve their quality. For 
example, the phase inversion process is a crucial step in butter and margarine 
production, and a controlled extent of flocculation creates desirable texture by 
increasing the viscosity of products [McClements 2010]. However, in most cases 
the destabilization causes undesirable effects and may substantially impair the 
appearance, texture, taste and stability of emulsions. 
A number of factors are decisive for the physical stability of an emulsion as they 
influence the creaming velocity and the collision frequency. The creaming velocity 
of an O/W emulsion is dependent on the size of the oil droplets, the density 
difference between the dispersed and continuous phases, and the viscosity of 
continuous phase, as described for a single droplet by the Stoke’s law (1): 
 
ν= -2gr2 (ρ2-ρ1)/9η1   (1) 
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where ν is the creaming velocity, g is the gravitational acceleration, r is the radius 
of oil droplets, ρ2 and ρ1 are respectively the density of dispersed and continuous 
phases, and η1 is the viscosity of continuous phase. 
One way to retard the creaming process is by minimizing the density difference 
between dispersed phase and continuous phase. Often in flavor industry, an oil 
phase with a density near to the water phase can be prepared by dissolving 
weighting agents which have higher density than water into the oil phase 
[Chanamai & McClements 2000]. However, manipulating the density difference is 
not suitable for applications where the oil type or the oil composition is restricted. 
A more practical approach for controlling the creaming process is to reduce the 
droplet size by increasing the energy input during homogenization or to increase 
the viscosity of the continuous phase using thickening agents [Schultz et al. 2004, 
Dickinson 2009]. 
Collision between oil droplets causes their subsequent flocculation or 
coalescence behavior. The extent of droplet aggregation largely depends on the 
frequency and efficiency of the collisions. A low oil volume fraction, large droplet 
size and high viscosity can reduce the collision frequency of oil droplets and a 
strong interparticle repulsive force prevents droplet aggregation during collisions. 
In the case of a protein stabilized O/W emulsion, a thick interfacial protein film can 
provide steric and electrostatic repulsion between the oil droplets, preventing 
colliding droplet surfaces from getting close to each other. Temperature, pH and 
ionic strength are also important factors that affect emulsion stabilities since they 
could significantly influence the droplet mobility and the interaction between 
droplets [Neirynck et al. 2007, Losada-Barreiro et al. 2012, Wu et al. 2012].  
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1.3.2 pH stability of emulsions 
Emulsion stabilized by ionic emulsifiers are very sensitive to the pH changes since 
the electrostatic repulsion between droplets is pH-dependent and the charge of 
the emulsifier can greatly influence the interaction between the oil droplets and 
other components in an emulsion. For a protein stabilized emulsion, the strength 
of electrostatic repulsion between droplets depends on the magnitude of the 
interfacial protein. Protein carries more positive or negative charge at a pH far 
away from its pI and provides stronger repulsive force against droplet aggregation 
than it does as the pH approaches its pI [Damodaran 1996]. Besides the 
magnitude, the cationic or anionic character of interfacial proteins also influence 
the emulsion stability since it is decisive for an attractive or repulsive interaction 
between the protein and other emulsion stabilizer such as polysaccharides. For 
example, some acidic food emulsions are prepared with protein and pectin. At 
acidic pH below the protein’s pI where the protein carries positive charge, the 
interfacial protein can conjugate with the negatively charge pectin to form a thicker 
interfacial layer, leading to an improved emulsion stability [Neirynck et al. 2004].  
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1.3.3 Oxidative stability of emulsions 
Besides the physical aspects, chemical stability of emulsions is also a concern. 
The most common chemical reaction in an O/W emulsion is lipid oxidation which is 
a free radical chain reaction and develops a number of adverse effects such as 
“off-flavors” and potential toxicity [Kubow 1992]. The lipid oxidation involves a 
complex series of radical chain reactions between lipids and active oxygen 
species. The oxidation is considered to occur in three different stages: initiation, 
propagation, and termination [Nawar 1996]. Since the formation of free radicals via 
the reaction between fatty acid and oxygen is thermodynamically difficult, the 
initiation of lipid oxidation was postulated to take place by hydroperoxides 
decomposition. In the initiation stage, the lipid hydroperoxides at the droplet 
surface are broken down into highly reactive peroxyl (2) and alkoxyl radicals (3) by 
transition metals or pro-oxidants. These radicals react with unsaturated lipids, 
forming free radicals which can be further converted into peroxyl radicals with free 
oxygen (4, 5 and 6). During the propagation stage, the lipid peroxyl radicals 
abstract hydrogen from another fatty acid to produce hydroperoxides and free 
radicals (7). This reaction proceeds until there is no hydrogen source available or 
the chain is interrupted. The oxidation is terminated when radicals react with each 
other, forming polymers and nonradical monomer products including aldehydes, 
ketones, alcohols and alkanes which dramatically change the physicochemical 
and sensory properties of oils (8). 
 
ROOH → ROO
.
   (2) 
 
ROOH → RO
.
    (3) 
 
ROO
.
 + LH → ROOH + L
.
   (4) 
 
RO
.
 + RH → ROH + L
.
   (5) 
 
L
.
+ O2 → LOO
.
    (6) 
 
LOO
.
 + LH → LOOH + L
.
   (7) 
 
      (8) 
 
Oxidative stability of emulsions can be improved by using saturated lipids instead 
of unsaturated ones since they are more stable against oxidation. However, the 
use of unsaturated lipids in emulsions is highly desired due to their better 
nutritional properties. Therefore emulsion manufacturers have attempted to limit 
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lipid oxidation by other means such as excluding oxygen from the system, 
reducing hydroperoxides, transition metals, pro-oxidants in emulsion ingredients, 
and adding antioxidants [McClements & Decker 2000]. 
Proteins are emulsifiers with intrinsic antioxidant properties due to their 
capability to inactivate reactive oxygen species, scavenge free radicals and 
chelate transition metals [Elias et al. 2008]. For protein-stabilized emulsions, 
efforts have been made to further retard oxidation by modifying some of the 
droplet characteristics such as the droplet size, surface charge, and thickness of 
the interfacial proteins. There seems, however, to be a great confusion concerning 
how the oxidation rate is affected by droplet size. Osborn and Akoh [2004] 
reported that the oxidation rate in a lipid-based O/W emulsion is independent with 
droplet size. Some studies reported an increasing rate of oxidation with smaller 
droplet size [Nakaya et al. 2005, Imai et al. 2008]. On the contrary, less extensive 
oxidation was found in emulsions with larger droplets since at a fixed total volume 
of the oil phase, a smaller surface area of droplets leads to less contact between 
oxygen and lipids [Gohtani et al. 1999]. This approach, however, does not seem to 
be very feasible since increased droplet size associates with physical instability of 
emulsion.  
Surface charge of droplets can significantly influence the interaction between 
the oil phase and the aqueous phase. A cationic surface of the droplet can repel 
metal ions (e.g. Fe, Co, Cu) and other positively charged pro-oxidants in the 
aqueous phase and thus effectively limit the lipid oxidation [Donnelly et al. 1998], 
and whereas emulsions stabilized by anionic emulsifiers were found to be oxidized 
more quickly [Mancuso et al. 1999]. For this reason, protein emulsifiers were 
suggested to be used at pH values below their iso-electric points where the 
surface proteins carry a net positive charge [Donnelly et al. 1998]. Another 
practical scenario is to increase the thickness of the interfacial protein layer. A 
thicker protein layer on droplet surface would build a stronger mechanical barrier 
between the lipid substance and the pro-oxidants in the aqueous phase and thus 
retard lipid oxidation [Hu et al. 2003]. 
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1.4 Characterization of a protein-stabilized emulsion 
A protein covered emulsion droplet can be characterized by various techniques to 
evaluate the performance of protein emulsifiers and the stability of emulsion. The 
structure, strength and charge of surface proteins is generally reflected in the 
resistance of emulsion droplets against aggregation and chemical changes, and 
therefore is associated with the physical and chemical stability of an emulsion. The 
size and migration of droplets during the storage of emulsions can be used as an 
indication of the physical emulsion stability. Inside the oil droplets, the products of 
lipid oxidation are normally determined as an approach to study the oxidative 
stability. 
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1.4.1 Emulsifying efficiency of proteins 
Commonly considered parameters for evaluating the performance of emulsifiers 
are emulsifying capacity (EC), emulsifying activity index (EAI) and emulsion 
stability index (ESI). EC is defined as the maximum amount of oil that can be 
emulsified in an aqueous solution containing a unit mass of emulsifier [Swift et al. 
1961]. It is normally determined by titrating small volume of oil into an aqueous 
protein solution during the homogenization by high speed blending. The titration 
reaches the end point when the emulsion breaks down or phase inversion takes 
place. Several experimental methods such as optical and electrical conductivity 
measurements can be used to indicate the end point of titration [Crenwelge et al. 
1974, Marshall et al. 1975, Pearce & Kinsella 1978]. EAI refers to the interfacial 
area stabilized by unit amount of emulsifier. According to the Mie Theory for light 
scattering, the interfacial area can be estimated by turbidimetric methods that 
measure the scattered light at an angle of 90 degree, and with a known oil volume 
fraction and protein concentration in the aqueous phase, the EAI is defined as (9): 
 
EAI = 2T/ϕC    (9) 
 
where T is the turbidity of the emulsion sample at a wavelength of 500 nm, ϕ is the 
volume fraction of the oil phase, C is the protein concentration in the aqueous 
phase before emulsification [Pearce & Kinsella 1978]. 
The ESI is a measure of the half life of an emulsion. It can be expressed as the 
time at which the turbidity of an emulsion reduces to half of its original value [Kim 
et al. 2004]. The measurements of EAI and ESI, however, are based on the 
assumption that the droplets are spherical and large enough compared to the 
wavelength of the scattered light. In many cases, the size of droplets is of the 
same order of magnitude as the light wavelength, which would cause experimental 
errors. Another limit of the use of EAI and ESI is that they do not give any direct 
information about the droplet size which is of utmost importance for an emulsion. 
Therefore, the initial droplet size of freshly made emulsion is more often used as 
an indication of the EA of an emulsifier. 
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1.4.2 Droplets characterization 
The characterization of droplets in an O/W emulsion mainly includes particle sizing, 
determination of droplet charge and monitoring of droplet behavior during storage 
(creaming and aggregation). The advantages and disadvantages of some 
commonly used techniques are summarized in Table 1. Zeta-potential 
measurement is particularly important for this work where the effect of interfacial 
charge on the pH stability of protein stabilized emulsion is studied. The liquid layer 
surrounding a particle can be divided into an inner region (Stern layer) where the 
ions move together with the particle due to a strong binding, and an outer region in 
which a boundary between the ions move with and without the particle can be 
drawn. The zeta-potential is a measure of the potential at this boundary (slipping 
plane or hydrodynamic shear). Emulsions with strong positive or negative zeta 
potential (more positive than +30 mV or more negative than -30 mV) own a higher 
possibility to be stable since the droplets repel each other and have less tendency 
to aggregate [Hunter 1989].  
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Table 1. Techniques to characterize emulsion droplets. 
 
Methods Advantages Disadvantages References 
Light Microscopy Simple sample preparation 
Distinguishes between flocculation and 
coalescence 
Cannot detect small droplets 
under 1 µm  
The structure of specimen might 
be altered by sample preparation 
 
[Ferrando & Spiess 2000] 
Electron Microscopy Imaging of smaller droplets above 1 nm, 
protein aggregates and interfacial films  
3D structure can be generated by SEM 
Demanding sample preparation  
Possible artifacts emerge during 
sample preparation 
Expensive instruments 
Only for dry or slurry samples 
 
[Smart et al. 1995] 
Atomic Force 
Microscopy (AFM) 
Imaging of small emulsion components 
at atomic and molecular levels 
Imaging the structure of interfacial 
protein membrane 
 
Demanding sample preparation 
Only for dry or slurry samples 
[Kirby et al. 1995] 
Light Scattering Wide range of droplet size (0.1-1000 
µm) can be detected 
Determination of the particle size 
Difficult to distinguish between 
flocculation and coalescence 
Dilution might disrupt flocculated 
[Rysakov & Rejmund 
2008] 
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distribution and calculation of surface 
area 
droplets 
Large variation between 
instruments made by different 
manufacturers 
 
Nuclear magnetic res
onance (NMR) 
Sensitive to particle size between 0.2 to 
100 µm  
Independent of droplet flocculation 
Non-disruptive sample preparation 
Suitable for concentrated emulsions 
 
Expensive instrument 
Complicated data processing 
[Dickinson & McClements 
1995, McClements 2004] 
Electroacoustics Analyzes droplets with size between 0.1 
to 10 µm 
Suitable for concentrated emulsions 
Determine both size and zeta-potential 
Limited to charged droplets in 
conductive medium 
Demands significant density 
difference between the oil phase 
and the aqueous phase 
 
[McClements 2004, 
Coupland & McClements 
2001] 
Zetasizer Measures the zeta-potential and particle 
size 
Dilution of sample often needed [Hunter 1989] 
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1.4.3 Interfacial properties of proteins 
Interfacial tension and rheology are other important aspects in emulsion formation 
and emulsion stability. Addition of proteins into the aqueous phase lowers the 
interfacial tension between oil and water phases and may thus reduce the energy 
needed for the emulsification process. Static measurement of the interfacial 
tension at an interface which has already reached equilibrium can be carried out 
using several methods such as the Du Nouy ring, Wilhelmy plate or sessile and 
pendant drop. Dynamic interfacial tension can be measured to follow the 
adsorption kinetics of proteins using a Wilhelmy plate or pendant drop methods 
[Couper 1993]. The interfacial rheological characteristics of proteins play an 
important role for emulsion stability. The adsorbed proteins, depending on the 
adsorption kinetics and surface concentration, may unfold and interact with their 
neighboring molecules, resulting in a two dimensional viscoelastic gel which 
provides resistance to the deformation of the interface caused by external 
disturbance [Murray 2002, Wierenga et al. 2006]. Various types of rheometers 
have been developed to study the response of interfacial proteins under shear or 
dilatational stress [Miller et al. 2010]. These studies could provide valuable 
information about the adsorption kinetics, structure of the interfacial layer and 
interactions of proteins at the interface. 
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1.4.4 Lipid oxidation 
The lipid oxidation in an emulsion can be assessed by a number of analytical 
methods that measure the loss of initial reactants or the formation of oxidation 
products. The oxygen consumption can be monitored by an oxygen meter, and the 
reduction of oxidazable lipids or the formation of oxidation products can be 
measured by gas chromatography (GC) or high-performance liquid 
chromatography [Coupland & McClements 1996]. Various types of techniques can 
be used to quantify lipid oxidation products such as hydroperoxides. Commonly 
used methods include high-performance liquid chromatography (HPLC), 
spectrophotometric assay for conjugated dienes at 234 nm and iodometric titration 
peroxide value (PV) methods [Paquot & Hautfenne 1987, Steger & Mühlebach 
1998, Henderson et al. 1999]. Ultra-violet (UV) spectroscopy is also useful to 
measure some of the secondary products of the oxidation. The most commonly 
used method is the Thiobarbituric acid reactive substances (TBARS) assay which 
is based on the reaction between malondiadehyde (MDA) and thiobarbituric acid 
(TBA) reagent. The reaction yields a chromophore absorbs at 532 nm to give pink 
color [McDonald & Hultin 1987]. Volatile aldehydes formed during the termination 
stage of lipid oxidation, for example propanal and hexanal, are often determined 
using head space gas chromatography analysis [Stevenson et al. 1996]. 
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1.5 Modification of the emulsifying properties of proteins 
Based on the theories on formation and stabilization of protein emulsions, various 
modifications have been carried out to improve the emulsifying properties of 
proteins. The majority of these efforts have focused on enhancing the adsorption 
of proteins onto the O/W water interface, increasing the interfacial charge, altering 
the conformation of the interfacial layer and strengthening the interaction with 
other emulsion components such as polysaccharides. The modifications are 
summarized below. 
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1.5.1 Physical modifications 
Adjustment of physical conditions such as temperature, pH, ionic strength or 
addition of ingredients which interact with proteins can be applied before or during 
the emulsification process to improve the formation of emulsions and their stability 
[Tcholakova et al. 2006]. Heat treatment of proteins prior to emulsification can 
often induce conformational changes in proteins. If properly controlled, it can 
increase the surface hydrophobicity of proteins as a result of exposure of buried 
hydrophobic groups [Nakai & Li-Chan 1988]. A more hydrophobic surface would 
facilitate the adsorption of proteins onto interface and thereby improve their 
emulsifying activity (EA) [Moro et al. 2001]. pH and ionic strength significantly 
influence the charge of interfacial proteins. Desirable EA of whey, chickpea and 
soybean proteins has been obtained by preparing the aqueous phase at pH 
values far away from their pI at minimized salt concentration [Mitidieri & Wagner 
2002, Zhang et al. 2009]. Addition of other functional components into the 
aqueous phase may also assist the emulsion formation or help to maintain stability 
by changing the protein structure or interacting with proteins. For example, casein 
micelle, an aggregate consisting of α-casein and β- casein and stabilized by an 
outer hairy layer of κ-casein, dissociates when sodium citrate was added to induce 
complexation of calcium. As a result EA was improved since the protein more 
efficiently adsorbs onto the interface in a dissociated state [Shirashoji et al. 2006]. 
An interfacial multilayer could be formed by addition of anionic polysaccharide into 
a protein stabilized emulsion at a proper pH, leading to a thicker interfacial film 
and improved stability against droplet aggregation [Surh et al. 2006]. 
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1.5.2 Chemical modifications 
Protein modifications using chemical agents are in many cases not suitable for 
food related applications due to safety concerns. However, chemical modifications 
have been widely studied to demonstrate how specific functionalities of proteins 
affect the emulsion properties. Based on the impact brought by modifications, the 
chemical reactions are divided into two groups: i), reactions which alter the pI of 
proteins; ii), reactions which alter the structure of interfacial protein layer. 
Chemical reactions that take place on the amino groups, for example acylation 
and the Maillard reaction, can reduce the positive charge of a protein when the 
positively charged amino groups are be substituted by neutral or negatively charge 
ones and thereby lowering the pI of the protein [Lawal & Adebowale 2004, Oliver 
et al. 2006]. Reactions such as esterification in which negatively charged carboxyl 
groups of protein are abolished shift the pI of proteins towards the alkaline region 
[Sitohy et al. 2001]. Other chemical modifications can also affect the charge of 
proteins by adding charged side groups. For example, deamidation converts the 
non-charged amide groups to negatively charged carboxyl groups and 
phosphorylation adds phosphate groups with negative charge, resulting in a 
lowered pI [Van Hekken et al. 1996, Flores et al. 2010]. Modifications using 
chemical agents with cationic side groups could raise the pI of proteins [Hattori et 
al. 2000]. 
Another group of modifications incorporate moieties into the proteins to enable 
them to adsorb onto the interface with a conformation which is favorable for the 
formation or stability of emulsions. For example, thiolation incorporates extra thiol 
groups which further strengthen the interfacial protein layer by forming disulfide 
bonds [Stevenson et al. 1997]. Acylation adds an alkyl group into the protein 
structure with increased surface hydrophobicity that favors the adsorption of 
proteins onto the interface during emulsification [Lawal & Adebowale 2004, 
Matemu et al. 2011]. A Maillard reaction using oligosaccharides or 
polysaccharides leads to a higher thickness of the interfacial protein layer which 
fortifies the emulsions droplets against aggregation [Wooster & Augustin 2006]. 
Different modifications and their impacts on the emulsifying properties of proteins 
are summarized in Table 2. 
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Table 2. Effect of chemical modifications on emulsifying properties of different proteins. 
 
Modifications Proteins  Modifying agents Impacts  References 
Maillard reaction 
(Glycation) 
β-Lactoglobulin 
 
cationic saccharides Improved EA; suppressed aggregation 
at acidic pH conditions 
 
[Hattori et al. 2000] 
β-Lactoglobulin 
 
Dextrans Improved stability against flocculation  
 
[Wooster & Augustin 
2006] 
Casein  Dextran Improved heat stability, EA and ES [Aminlari et al. 2005] 
Caseinate 
 
Monosaccharides, 
disaccharides and 
oligosaccharide 
Similar emulsifying properties to the 
unmodified caseinate; increased 
viscosity in the aqueous phase  
 
[Oliver et al. 2006] 
Milk proteins Glucose and 
oligosaccharides 
Improved emulsifying properties; 
enhanced antioxidant activity 
[Augustin et al. 2006] 
Deamidation Wheat protein  Improved stability against coalescence 
and heat treatment 
 
[Day et al. 2009] 
Gluten  Improved EA and ES [Flores et al. 2010] 
Thiolation β-casein N-
acetylhomocysteinthiol
Increased resistance against 
displacement by surfactant 
[Stevenson et al. 1997] 
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actone  
Acylation Mucuna bean 
protein 
concentrate  
Acetic anhydride and 
succinic anhydride 
 
Improved EA  [Lawal & Adebowale 
2004] 
Soy proteins  
 
Saturated fatty acids Improved EA and ES [Matemu et al. 2011] 
Phosphorylation Casein  
 
Phosphorus 
oxychloride 
Improved EA; lower ES [Van Hekken et al. 
1996] 
β-Lactoglobulin Phosphorus 
oxychloride 
 
Increased viscosity of emulsion [Woo & Richardson 
1983] 
Esterification Milk proteins, 
methanol 
 
Ethanol and propanol Improved EA and ES  [Sitohy et al. 2001] 
Cross-linking β-casein Glutaraldehyde Improved ES  [Romoscanu & 
Mezzenga 2005] 
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1.5.3 Enzymatic modifications 
Changes on the protein structure can also be achieved by enzymatic reactions. 
Proteolytic enzymes decrease the molar mass of the proteins, whereas 
crosslinking enzymes can either change the chemistry of the amino acid moieties 
or increase the molar mass [Tavano 2013, Buchert et al. 2010]. Enzymatic 
reactions can be performed under mild conditions with great specificity. More 
importantly, as natural products, enzymes are considered as a safer alternative for 
chemical reagents to modify proteins for food applications.   
Hydrolysis decreases the molecular mass of the protein substrates and 
increases the number of the exposed ionisable and hydrophobic groups [Panyam 
& Kilara 1996]. Smaller size and more ionization appear to be beneficial for the 
formation of emulsions since they often result in an improved solubility of proteins 
especially around their pI and faster diffusion of the proteins to the interfacial 
region. However, too short peptides resulting from extensive hydrolysis are not 
able to stabilize emulsions due to their lower efficiency in reducing the surface 
tension and a reduced affinity with the interface [Turgeon et al. 1991]. The overall 
effect of hydrolysis on the emulsifying properties of proteins was found to be very 
dependent on the selection of enzymes, optimization of the degree of hydrolysis 
(DH) and other conditions of the emulsification process [Agboola & Dalgleish 1996, 
Singh & Dalgleish 1998, Caessens et al. 1999]. 
The effects of enzymatic cross-linking on the emulsifying properties of proteins 
are introduced in details in the following section. 
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1.6 Cross-linking of proteins 
Cross-linking of proteins is one possibility to modify their emulsion behavior. 
Proteins can be cross-linked enzymatically or non-enzymatically. Different 
mechanisms of protein cross-linking are described below. 
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1.6.1 Non-enzymatic cross-linking 
Cross-linking of proteins can be induced via certain physical treatments causing 
formation of inter- or intra-molecular covalent bonds or with chemical reagents as 
catalysts. The methods and types of cross-linking are summarized in Table 3. 
 
Table 3. Non-enzymatic cross-linking of proteins. 
 
Methods Cross-linking formed by References 
Heat treatment Disulfide cross-links [Havea et al. 2009] 
 Maillard reaction [Mat Easa et al. 1996] 
 Isopeptide cross-links 
 
[Singh 1991] 
Heat and alkali 
treatment   
 
Dehydroproteins [Friedman 1999] 
Photo-oxidative 
conditions 
 
Biaryl cross-links [Stachel et al. 1996] 
Metal-peptide 
complexes or 
hydrogen peroxide 
 
Dityrosine cross-links  [Brown et al. 1995] 
Chemical cross-linking Linkage between amine, 
sulfhydryl and carboxyl 
groups on proteins 
[Uy & Wold 1977] 
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1.6.2 Enzymatic cross-linking 
Enzymatic cross-linking can influence the emulsifying properties of proteins by 
changing their conformation at the interface and/or in the continuous phase. In 
terms of EA of proteins, different effects, depending on the extent of the cross-
linking reaction and whether the enzymatic reaction is carried out before or after 
emulsification, have been reported in literature [Sharma et al. 2002, Hinz et al. 
2007]. Extensive inter-molecular cross-linking before emulsification compromises 
the EA of proteins at low concentration. The cross-linked protein polymers take 
longer time to adsorb and rearrange their conformation at the interface and 
therefore there will not be sufficient protein molecules to fully cover the newly 
formed surface and protect the droplets against aggregation [Liu & Damodaran 
1999]. With sufficient protein content, the cross-linked proteins exhibit a similar EA 
as the non-cross-linked ones [Dickinson & Yamamoto 1996, Færgemand et al. 
1999]. As far as ES is concerned, improved stability would be expected since a 
cross-linked protein layer has been reported to better stabilize the O/W interface 
with higher viscoelasticity than non-cross-linked one [Færgemand et al. 1999]. 
However, in real emulsion systems, cross-linking has shown both positive and 
negative impacts on ES, largely depending on the extent of the cross-linking 
reaction. A limited extent of cross-linking can improve the ES with stronger steric 
stabilization provided by a thicker and more viscoelastic interfacial layer. Besides 
this, in an emulsion with high concentration of non-adsorbed protein, cross-linking 
can increase the viscosity of the continuous phase and thus restrict the creaming 
and aggregation behaviours of droplets [Færgemand et al. 1998b, Dickinson et al. 
1999, Sharma et al. 2002]. On the other hand, extensive cross-linking can impair 
the ES since the cross-linked protein might lead to a droplet aggregation by 
participating in the interfacial areas of different oil droplets or reduce the 
conformational flexibility of interfacial protein molecules [Flanagan et al. 2003, 
Hiller & Lorenzen 2009]. Less flexibility of surface proteins could weaken the 
healing of local thinning of interfacial film or result in the fracture of the interfacial 
film which makes the emulsion more susceptible to coalescence [Færgemand et al. 
1998b]. 
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1.6.3 Cross-linking enzymes 
A number of enzymes can catalyze the cross-linking reaction of proteins as 
reviewed by Buchert et al [Buchert et al. 2010]. The only commercially available 
food-grade cross-linking enzyme is transglutaminase (TGase; EC 2.3.2.13) which 
catalyzes inter- or intramolecular cross-linking of proteins by acyl-transfer reaction 
between a γ-carboxyamide group of glutamine residues and a ε-amino group of 
lysine residues. The reaction leads to the formation of an ε-(γ-glutamyl)lysine 
isopeptide bond with one molecule of ammonia generated [Folk & Finlayson 1977] 
as shown in Fig.3 
 
 
 
Figure 3. Transglutaminase catalyzed cross-linking of proteins. 
The transglutaminase catalyzed cross-linking has been extensively studied and 
shown to improve several food functionalities i.e. gel formation, foaming, water-
holding and emulsifying properties of various protein substrates [Motoki & Seguro 
1998]. 
Laccases (EC 1.10.3.2) are multi-copper enzymes that catalyze the oxidation of 
various phenolic compounds by a single-electron oxidation mechanism. The 
enzyme shuttles electron from its substrates to molecular oxygen, resulting in the 
formation of water and free radicals which can further undergo non-enzymatic 
reactions including disproportionation, polymerization, hydration and fragmentation 
[Thurston 1994, Yaropolov et al. 1994]. The laccase-induced cross-linking of 
proteins is based on the formation of isodityrosine, dityrosine and disulfide bonds 
[ Figueroa-Espinoza et al. 1998, Mattinen et al. 2005]. 
So far, the main research activities on laccase have focused on pulp and textile 
processing [Rodríguez Couto & Toca Herrera 2006]. Only few studies have 
reported the potential use of laccase in food matrices due to the low efficiency of 
laccase on protein substrates [Færgemand et al. 1998a, Selinheimo et al. 2008b, 
Ercili Cura et al. 2009]. To improve the extent of cross-linking, small phenolic 
compounds are often added as mediator or bridging agents. Instead of a direct 
oxidation of protein by laccase, small phenolic molecules can be more readily 
oxidized, and then transfer electrons and create radicals in a protein structure. 
However, the chemical changes in the structure of these phenolic compounds 
cause simultaneous color formation which could sometimes limit the use of this 
method [Lantto et al. 2004, Mustafa et al. 2005]. 
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In addition, proteins can also be cross-linked by other types of enzymes such 
as tyrosinase, peroxidase and sulfhydryl oxidase. Tyrosinase (EC 1.14.18.1) can 
oxidize tyrosine residues of a protein to quinone which can form cross-links by 
reacting with lysyl, tyrosyl and cysteinyl residues [Selinheimo et al. 2008]. 
Peroxidases use H2O2 as an electron acceptor to oxidize a variety of substrates 
including proteins. Radicals formed as a result of the oxidation can further react 
with other substrates and protein cross-links are formed via covalent bonds 
between tyrosine, cysteine and lysine residues [Matheis & Whitaker 1984]. 
Sulfhydryl oxidases (EC 1.8.3.3) catalyze the formation of disulfide bonds between 
cysteine residues of proteins [Thorpe et al. 2002]. 
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1.6.4 Reactivity of milk proteins toward Tgase and laccase 
The reactivity of milk proteins shows significant variability towards cross-linking 
enzymes, depending on the accessibility of reactive residues in the protein 
substrates. Caseins have been proven to be good substrates for Tgase since their 
flexible open structure allows lysine and glutamine residues more accessible to 
the active site of the enzyme [Monogioudi et al. 2009]. Individual caseins are more 
susceptible to Tgase than micellar ordered caseins [Bönisch et al. 2004], and the 
susceptibility of different components of caseins for Tgase decreases in the order 
of κ-casein >α-casein>β-casein [Tang et al. 2005]. As comparison, whey proteins 
which are of globular structures are much less reactive towards Tgase [Ercili-Cura 
et al. 2012]. Under the same condition, α-lactalbumin was found to be more 
susceptible to Tgase than β-lactoglobulin and BSA [Han & Damodaran 1996]. 
The cross-linking of milk proteins by laccase has been less studied. However, 
similar conclusions were made that caseins can be better cross-linked than whey 
proteins [Hiller & Lorenzen 2009] and the laccase preferably works on α-
lactalbumin than β-lactoglobulin [Færgemand et al. 1998a]. Studies of laccase 
catalyzed cross-linking of protein substrates have suggested that the reactivity of 
protein in its natural state toward laccase is very limited since high dosage of the 
enzyme and phenolic compounds as mediators is needed [Ercili Cura et al. 2009, 
Selinheimo et al. 2008a].  
In general, the susceptibility of whey proteins for cross-linking enzymes could 
be improved by unfolding the protein structure. Several methods such as addition 
of reducing agents, pretreatments by high pressure or heat and increasing pH 
were attempted to increase the extent of cross-linking [Ercili-Cura et al. 2012, 
Jaros et al. 2006].  
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1.7 Aims of the work 
Some studies have indicated the possibility to improve the performance of protein 
emulsifiers via chemical or enzymatic modifications. Most of these works focused 
solely on the physical stability of protein stabilized emulsions while the effect of 
protein modification on the oxidative stability of emulsion is rarely studied. 
Furthermore, many previous studies were carried out from an application 
perspective and lacked in-depth information of the modification methods or the 
modified proteins. The overall aim of this study was to exploit other methods of 
protein modification and to investigate the effect of chemical and enzymatic 
modifications on the emulsifying properties of milk proteins, the pH stability and 
the oxidative stability of the protein-stabilized emulsions. The modifications carried 
out in this work were expected to improve the electrostatic or steric repulsion of 
interfacial proteins against physical destabilization or lipid oxidation. Meanwhile, 
the modified milk proteins were characterized using multiple techniques in order to 
gain a better understanding on how to control or improve the extent of these 
modifications.   
 
In particular, the following points were of major interest in this work: 
 
1) Carry out succinylation and ethylene diamine modification of sodium 
caseinate and whey proteins, and precisely calculate the number of the 
modified amino acid residues with matrix assisted laser desorption 
ionization-time of flight (MALDI-TOF) technique. 
2)  Study the effect of succinylation and ethylene diamine modifications on 
droplet charge and pH stablity in the protein stabilized emulsions. 
3) Improve the reactivity of whey proteins towards laccase and study the 
effect of laccase catalyzed cross-linking on whey protein stabilized 
emulsions. 
4) Study the effect of transglutaminase catalyzed cross-linking on the 
physical and oxidative stability of sodium caseinate stabilized emulsions. 
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2. Materials and methods 
A summary of the modification and emulsion characterization methods used in this 
study is presented in this section. Detailed descriptions can be found in the 
original articles (I–IV). 
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2.1 Raw materials 
Sodium caseinate (CN) was obtained from KasLink Foods (Finland) (Protein 94%, 
Lactose 0.1%, Fat 1%, Ash 3.5%). Lacprodan ® DI-9212 whey protein Isolate 
(WPI), which was free of lactose (lactose content below 0.5%) and contained a 
minimum dry protein content of 91%, was obtained from Arla Foods Ingredients, 
Viby J, Denmark. Flaxseed oil was purchased from Elixi Oil Oy (Somero, Finland), 
with the following fatty acid content: 4% 16:0, 3% 18:0, 12% 18:1, 15% 18:2, and 
66% 18:3. Laccase was produced by T. hirsuta and purified by anion exchange 
chromatography and hydrophobic interaction chromatography [Frasconi et al. 
2010]. Laccase activity towards 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic 
acid) (ABTS) was determined to be 1798nkat/mg of protein. Microbial Tgase 
Activa MP was purchased from Anjinomoto (Japan) and was further purified at 
VTT [Lantto et al. 2005]. The activity of the enzyme was determined by 
colorimetric hydroxymate method as described by Lantto et al. [Lantto et al. 2007]. 
For the succinylation and the EDA modification of sodium caseinate and whey 
protein(I, II), succinic anhydride (purity ≥ 97.0%) and ethylene diamine 
dihydrocloride (purity ≥ 99.0%) were purchased from Sigma. 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC) (purity ≥ 98.0%) was purchased from 
Pierce. For the vanillic acid modification of whey protein (III), Vanillic acid (purity ≥ 
97.0%) was purchased from Sigma-Aldrich. Sulfo-NHS (purity ≥ 98.5%) was 
purchased from Pierce.  
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2.2 Modifications on milk proteins 
CN was modified by both succinic acid and ethylene diamine respectively (I) and 
WPI was only modified by ethylene diamine (II). These modifications were 
performed before the formation of emulsions. The vanillic acid modification of WPI 
was performed before emulsification and after this the emulsion made of the 
vanillic acid modified WPI was cross-linked by laccase (III). CN was cross-linked 
by Tgase before emulsification (IV). 
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2.3 Characterization of the modified proteins 
CN and WPI after succinylation or EDA modification were characterized using 
sodium docecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), 2,4,6-
trinitro-benzene sulfonic acid (TNBSA) assay and MALDI-TOF mass spectrometry 
(MS) (I, II). The extent of the vanillic acid modification of WPI was studied using 
MALDI-TOF MS (III). The laccase-catalyzed cross-linking was studied using SDS-
PAGE, UV/Vis spectrophotometry and oxygen consumption measurement (III). 
The Tgase-catalyzed cross-linking was studied using SDS-PAGE electrophoresis 
and ammonia production measurements (IV). 
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2.4 Preparation of O/W emulsions 
The modified and unmodified proteins were solubilized in Milli-Q water at a 
concentration of 0.3% or 1%. 90% w/w protein solutions were homogenized with 
10% w/w flaxseed oil in two steps. A pre-emulsion was prepared using a high 
speed homogenizer (Heidolph Diax 900, Germany) under constant condition: 2 
times 2 min at 26000 rpm. The main emulsification was performed using a 
pressure homogenizer (Microfluidics M-110Y, USA) at 0 oC and 40 psig (500 bar) 
for 10 minutes. 
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2.5 Analysis of emulsifying properties of the modified 
proteins and emulsion stability 
The emulsifying properties of the modified and unmodified milk proteins and the 
stability of emulsions made of these proteins were analysed using various 
techniques. The analytical methods used in this work are summarized in Table 4, 
according to the purposes and the type of modification. 
 
Table 4. Techniques used to study the emulsifying properties of proteins and 
emulsion stability. 
 
Method Aim Used in 
publication 
Laser diffraction Determination of particle size 
distribution, mean droplet 
diameter and specific 
surface area 
 
I, II, III, IV 
Multiple light scattering Evaluation of pH & storage 
stability of emulsions and 
determination of creaming 
velocity 
 
II 
Zeta-potential measurement Determination of the surface 
charge of emulsion droplets 
 
II 
Surface protein displacement  Evaluation of the strength of 
surface protein layer against 
surfactants 
 
II 
Confocal microscopy Visualization of flocculation 
and coalescence of emulsion 
droplets 
 
III 
Oxygen consumption measurement Evaluation of the formation 
of hydroperoxides in 
emulsions 
 
IV 
Peroxide value measurement Determination of the 
accumulation of 
hydroperoxides, primary 
oxidation products 
 
IV 
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Gas chromatography  Formation of volatile 
secondary oxidation 
products in emulsions 
IV 
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3. Results  
 51 
3.1 Succinylation and ethylene diamine modification of milk 
proteins and their effect on pH stability of emulsions 
(Publications I&II ) 
A lot of food emulsions are made at weak acidic pH values (～4.5) where the 
functionality of milk proteins as an emulsifier is compromised due to the loss of 
surface charge. Succinylation and EDA modification reactions were carried out in 
order to shift the pI of milk proteins towards both the acidic and alkaline pH region 
and thus to allow the interfacial proteins provide enough electrostatic repulsion 
between emulsion droplets. CN was first modified by both succinic acid and EDA 
(I). The EDA modification was found to effectively increase the net charge of CN at 
its pI. However, the modified CN was inevitably cross-linked during the EDA 
modification which compromised its emulsifying activity. Therefore WPI was 
modified by EDA to produce a monomeric protein emulsifier with an increased pI 
(II). The extent of the different modifications was studied by MALDI-TOF MS and 
SDS-PAGE. After this the emulsifying properties of the unmodified and modified 
proteins were compared. 
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3.1.1 Extent of succinylation and EDA modification 
The molecular weight (Mw) of the milk proteins was determined by MALDI-TOF 
MS before and after the reactions to assure the occurrence and measure the 
extent of the modification (Figure 4). The number of the modified residues was 
estimated by dividing the difference between the average molecular mass of 
modified and unmodified proteins by the mass increase of each modified residue 
on the proteins (Mw of the chemical modifier minus 18 Da by the formation of 
H2O).The average number of succinylated lysine groups in CN modified with 0.03, 
0.06, 0.2g of succinic anhydride per gram of protein was 2.5, 5.7, and 11.5 
respectively (Figure 4a). Due to poor solubility of unmodified CN at the optimum 
pH (pH 4.7) for the EDA modification, 0.06g/g succinylated CN was used as the 
starting material. The average number of carboxyl groups which reacted with EDA 
was calculated to be 17.2 (Figure 4b). For WPI, the EDA modification could be 
directly carried out using the unmodified protein, since WPI maintained good 
solubility at pH 4.7. After the modification, there were on average 7.8 and 15.6 
carboxyl groups in α-lactalbumin and β-lactoglobulin modified by EDA respectively 
(Figure 4c). 
CN is a complex mixture of different casein variants (α, β, κ casein), therefore 
the spectra measured using MALDI-TOF MS actually represent the overall 
population of the unmodified or modified variants rather than a mixture of equally 
modified proteins. The extent of succinylation could be controlled and CN was 
gradually succinylated using an increasing amount of succinic acid as the modifier. 
As indicated by the reduction of the peak size going from A to D in Figure 4a, 
more and more laser power was required in a positive ion mode in MALDI-TOF 
MS to generate mass spectra from succinylated caseinates with an increasing 
extent of modification. No reliable spectrum from the modified proteins could be 
measured after the succinic anhydride/protein ratio exceeded 0.2 g succinic 
anhydride per gram of protein (Figure 4a). On the contrary, incorporating 
positively charged groups onto the protein seemed to be an efficient way to 
enhance the signal of proteins in MALDI-TOF MS. After the EDA modification, for 
both CN and WPI, sound spectra were generated with lower laser power 
requirement (Figure 4b&c). 
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Figure 4. MALDI-TOF mass spectra of modified milk proteins. (a) Succinylation of 
CN. Spectrum A, CN control with molecular weight 23966 Da; spectrum B, 
succinylated CN by 0.03 g succinic anhydride per gram of CN with molecular 
weight 24211Da; spectrum C, succinylated CN by 0.06 g succinic anhydride per 
gram of CN with molecular weight 24529 Da; spectrum D, succinylated CN by 0.2 
g succinic anhydride per gram of CN with molecular weight 25089 Da. (b) EDA 
modification of CN. Spectrum A, CN control with molecular weight 24148Da; 
spectrum B, succinylated CN by 0.06 g succinic anhydride per gram of CN with 
molecular weight 24584Da; spectrum C, EDA modified succinylated CN using 
0.06 g succinic anhydride per gram of CN with molecular weight 25853Da. (c) 
EDA modificaion of WPI. Spectrum A, α-lactalbumin of the unmodified WPI with 
molecular weight 14229 Da; spectrum B, β-lactoglobulin of the unmodified WPI 
with molecular weight 18579 Da; spectrum C, α-lactalbumin of the EDA modified 
WPI with molecular weight 14527 Da; spectrum D, β-lactoglobulin of the EDA 
modified WPI with molecular weight 19250 Da. 
The EDA modification showed a side reaction in which the proteins were cross-
linked to a different extent. The cross-linked products could not be detected in 
MALTI-TOF MS but were observed in the SDS-PAGE gel (Figure 5). CN was 
extensively cross-linked which was most probably due to its open structure. A 
large fraction of the EDA modified CN was polymerized into large molecules which 
could not migrate in the gel (Figure 5, lane 5). As comparison, WPI, which has a 
compact globular structure, was cross-linked to a lesser extent. Most of the protein 
after the reaction existed as EDA modified monomers and very little was cross-
linked into dimers or oligomers (Figure 5, lane 7). 
 
Figure 5. Succinylation and EDA modification of CN and WPI.Lane 1, low 
molecular weight marker proteins of 97, 67, 45, 30 and 20 kDa; Lane 2, 
unmodified CN control; Lane 3, succinylated CN by 1 g of succinic anhydride per 
gram of CN; Lane 4, succinylated CN by 0.06 g of succinic anhydride per gram of 
CN; Lane 5, EDA modified CN; Lane 6, unmodified WPI control; Lane 7, EDA 
modified WPI. 
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3.1.2 Effect of succinylation and EDA modification on the pI of proteins 
In the succinylation reaction, a positively charged ε-amino group of a lysine 
residue reacts with the negatively charged succinic acid. The modified proteins 
contain negatively charged side groups, resulting in a decreased pI (Scheme 1). 
The EDA modification converts a negatively charged carboxyl groups into a 
positively charged amino group and the pI of the protein shifts to a higher pH value 
(Scheme 2). 
Scheme 1. Succinylation of proteins. 
Scheme 2. EDA modification of proteins. 
The zeta potential of these unmodified and the modified CN and WPI variants was 
determined using a Zetasizer and plotted as a function of pH (Figure 6). When the 
measurement is carried out using a very low ionic strength, the pH value at which 
the zeta potential was zero corresponds with the pI of the protein [Salis et al. 
2011]. As a result of the modification reactions, the succinylation to full extent 
altered the pI of CN from 4.2 to 2.7, and the EDA modification shifted the pI of CN 
and WPI from 4.2 to 9.4 and from 4.9 to 9.5 respectively. Within the pH range 
close to the pI (pI±0.5), the zeta-potential of the proteins varied less than 10 mV, 
indicating a weak electrostatic repulsion between the protein molecules [Sherman 
1970]. On the contrary, at pH values far from the pI, the intermolecular repulsion 
was strong due to the extensive charge of the proteins. 
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Figure 6. Zeta-potential of unmodified and modified CN and WPI. Zeta-potential of 
unmodified CN (□), succinylated CN (SU-CN) (●), EDA modified CN (EDA-CN) (■), 
unmodified WPI (△) and EDA modified WPI (EDA-WPI) (▲) was measured and 
plotted as a function of pH. 
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3.1.3 Emulsifying properties of the modified proteins 
The EA of the modified CN and WPI was evaluated by comparing the mean 
particle size of freshly made emulsions, and the ES of emulsions was evaluated 
by following the increase of particle size after three-day storage (Table 5). An 
efficient emulsifier should be able to create stable emulsions with small droplet 
size (less than 1μm) which does not significantly increase over time [Stauffer 
1999]. Both CN and WPI have a pI close to pH 5 and therefore the unmodified 
proteins failed to make stable emulsions at this pH value due to the loss of net 
surface charge. The droplet diameter of the fresh emulsions was already very 
large from the start (over 10 μm) and with a high rate of aggregation and creaming, 
the droplets eventually formed a thick cream layer at the top of the emulsions and 
clarification was observed at the bottom after storage. At pH 3 and 7, the 
unmodified proteins carried enough charge to stabilize the O/W interface. Both 
proteins showed a better EA and ES at pH 7 than at pH 3 as can be seen from the 
smaller droplet size of the fresh and stored emulsions. 
Succinylation of CN improved the EA and the stability of CN stabilized 
emulsions at pH 5 and 7, especially at pH 5 where the droplet size significantly 
decreased compared to the emulsions made of the unmodified CN. However, in 
agreement with the zeta-potential results, the succinylated CN lost its net charge 
at pH 3 and a severe flocculation of oil droplets followed by phase separation 
occurred right after the emulsification process.  
For both CN and WPI, the EDA modification shifted the pH stability profile of 
the emulsions towards the alkaline pH region, resulting in improved ES at pH 3 
and 5. However, the EA of the EDA modified CN was compromised due to the 
formation of large polymer proteins caused by the cross-linking side reaction, 
which could retard the adsorption of proteins on the interface and leads to a less 
efficient surface coverage. Therefore, using limited amount of protein (0.3%), only 
a limited surface area could be created and stabilized. As shown in the SDS-
PAGE gel result in Figure 5, the EDA modified WPI was mostly produced as 
monomers. During the emulsification process, these protein monomers could 
readily adsorb onto the O/W interface at a similar rate to the unmodified WPI, 
stabilizing the new created interface with extensive electrostatic charge all through 
the acidic and neutral pHs. As a result, both EA and ES were improved by the 
EDA modification on WPI. 
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Table 5. Mean droplet diameter of emulsions made of the unmodified and modified 
proteins. 
 
 CN (μm) SU-CN 
(μm) 
EDA-CN 
(μm) 
WPI (μm) EDA-WPI 
(μm) 
 0d 3d 0d 3d 0d 3d 0d 3d 0d 3d 
pH 3 0.68 1.4 ND ND 0.46 0.80 0.65 0.77 0.39 0.43 
pH 5 10.6 34.2 1.4 3.2 1.4 2.9 13.1 ND 0.48 0.50 
pH 7 0.39 0.42 0.31 0.33 1.2 10.0 0.33 0.43 0.78 0.93 
ND: Not determined, phase separation took place right after the pre-emulsification 
process. Unmodified CN (CN), succinylated CN (SU-CN), EDA modified CN (EDA-
CN), unmodified WPI (WPI) and EDA modified WPI (EDA-WPI) at a protein 
concentration of 0.3% was used. 
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3.2 Cross-linking of milk proteins by laccase and Tgase 
(Publications III&IV) 
Besides the chemical modifications described in section 3.1, the milk proteins 
were enzymatically modified by laccase and Tgase. WPI, which has low reactivity 
towards laccase, was first modified by vanillic acid (Scheme 3) to study whether 
this could increase the efficiency of the laccase catalyzed cross-linking. The cross-
linking of the vanillic acid modified WPI was compared with the laccase catalyzed 
cross-linking of unmodified WPI, or with the cross-linking by adding laccase 
together with free phenolic compounds as mediators (Figure 7). On the other 
hand, CN was directly cross-linked by Tgase (Figure 9). The extent of these 
cross-linking reactions was studied using SDS-PAGE gel. 
 
 
Scheme 3. Vanillic acid modification of proteins. The reaction is mediated by N-
hydroxysulfosuccinimide sodium (Sulfo-NHS) and 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC). 
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3.2.1 Laccase catalyzed cross-linking of WPI and the vanillic acid modified 
WPI 
The reactivity of WPI towards laccase was very low. At a high laccase dosage of 
2.5 nkat/mg, only a slight increase of the band intensity of dimers was observed 
after 24 h incubation, indicating a very small extent of cross-linking of the proteins 
(Figure 7a, lane 7). The low reactivity could be attributed to the fact that the 
laccase reactive tyrosine residues of the unmodified WPI might be buried inside its 
compact globular structure and not accessible for the enzyme. Addition of free 
vanillic acid improved the cross-linking to a limited extent (Panel b). The intensity 
of the dimer band was slightly higher compared to the WPI sample without this 
mediator and a little amount of protein polymer was detected in the upper part of 
the lane (Figure 7b, lane 7). The vanillic acid modification was shown by MALDI-
TOF MS to incorporate 2.9 and 2.1 methoxylphenol side groups into one molecule 
of α-lactalbumin and β-lactoglobulin according to the same calculation method in 
section 3.1.1 (Figure 8). This modification occurred most likely on the surface of 
the proteins making the incorporated groups more accessible for laccase. As a 
result of this, the laccase catalyzed cross-linking of the vanillic acid modified WPI 
was significantly more effective than that of the unmodified WPI or the 
combination of unmodified WPI and free vanillic acid (Figure 7c). Using the same 
dosage of laccase, the cross-linking reaction after 2 h incubation was much more 
extensive than that of the other samples incubated for 24 h shown in Panel a&b 
(Figure 7c, lane 3), and the molecular weight of the cross-linked proteins ranged 
from 29 kDa to over 206 kDa. 
 
 
Figure 7. SDS-PAGE of the unmodified and modified WPI after laccase reaction. 
The cross-linking was performed at a laccase dosage of 2.5 nkat/mg. (a) cross-
linking of the unmodified WPI. (b) cross-linking of the unmodified WPI with 2 mM 
free vanillic acid. (c) cross-linking of the vanillic acid modified WPI. Lane 1, 
prestained SDS-PAGE standard proteins of 206.3, 118.1, 97.3, 54.8, 37.7, 29.4, 
17.5, and 6.7 kDa (BIO-RAD); Lane 2–7, cross-linked samples at 0, 2, 4, 8, 12 and 
24 h.  
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Compared to addition of free phenolic compounds as a mediator between laccase 
and WPI, the vanillic acid modification directly on WPI enhanced the laccase 
catalyzed cross-linking more efficiently. Furthermore, using free vanillic acid as a 
mediator and/or bridging component had the disadvantage that the self-
polymerization of these compounds caused color formation which could be 
undesirable for some applications. Cross-linking of vanillic acid modified WPI was 
based on a direct radical formation in the protein and therefore the color formation 
was avoided. 
 
 
 
Figure 8. MALDI-TOF mass spectra of the modified WPI. Spectrum a, unmodified 
α-lactalbumin with molecular mass 14118 Da; Spectrum b, unmodified β-
lactoglobulin with molecular mass 18481 Da; Spectrum A, vanillic acid modified α-
lactalbumin with molecular mass 14557 Da; Spectrum B, vanillic acid modified β-
lactoglobulin with molecular mass 18798 Da. 
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3.2.2 Tgase catalyzed cross-linking of CN 
CN, due to its open flexible structure, is more susceptible to Tgase and laccase 
than WPI. In this study, CN was cross-linked overnight by Tgase to different 
extents, depending on the enzyme dosage (Figure 9). The extent of the cross-
linking reaction increased with an increasing dosage of Tgase. At a Tgase dosage 
of 50 nkat/g, a slight increase of the intensity of the protein oligomer bands was 
observed with Mw from 97 to 206 kDa, but most of the CN was still uncross-linked 
(Figure 9, lane 3). At a dosage of 500 nkat/g Tgase, most of the CN had been 
cross-linked into high molecular weight oligomers (~206 kDa) and only a small 
fraction of the CN stayed uncross-linked. Extensively cross-linked products with 
very large molecular mass could not migrate in the SDS gel and were observed on 
the top of the lane (Figure 9, lane 5). 
 
 
Figure 9. SDS-PAGE of the cross-linked sodium caseinate by Tgase. Sodium 
caseinate was treated with Tgase at an enzyme dosage of 50, 100 and 500 nkat/g 
at RT overnight. Lane 1, prestained SDS-PAGE standard proteins of 206.3, 118.1, 
97.3, 54.8, 37.7, 29.4, 17.5 and 6.7 kDa (BIO-RAD); lane 2, non-cross-linked 
sodium caseinate control; lane 3, cross-linked sodium caseinate with 50 nkat/g 
Tgase; lane 4, cross-linked sodium caseinate with 100 nkat/g Tgase; lane 5, 
cross-linked sodium caseinate with 500 nkat/g Tgase. 
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3.3 Effect of cross-linking on emulsion stability (Publications 
III&IV) 
As protein emulsifiers, CN and WPI were cross-linked by Tgase and laccase 
respectively. The cross-linking of Van-WPI by laccase was applied after the 
formation of emulsion, whereby the physical stability of the emulsion was 
enhanced. CN was cross-linked by transglutaminase prior to the emulsification 
process, resulting in an improved oxidative stability. 
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3.3.1 Effect of cross-linking on the physical stability of emulsions 
Droplet behaviour in the laccase cross-linked and the non-cross-linked emulsions 
was visualized using confocal laser scanning microscope (CLSM) to compare the 
physical stability of these two emulsions (Figure 10). At 0 h, the distribution of the 
oil droplets in both cross-linked and non-cross-linked emulsions was 
homogeneous and the diameter of most of the oil droplets was less than 1 μm 
(Figure 10a & d). During 72 h storage, coalescence was observed in those 
emulsions in which the interfacial proteins were not cross-linked (Figure 10b, c 
and e), whilst the laccase treated Van-WPI emulsion showed less droplet 
aggregation and no larger particles were visible (Figure 10f). This result was in 
agreement with the result of average particle size measured by the laser 
diffraction method and the visual observation that a thick oil layer was formed on 
top of the non-cross-linked emulsions while no creaming was observed in the 
cross-linked emulsion during 1 week storage (Figure 11). The post-emulsification 
cross-linking by laccase was assumed to occur between the adsorbed protein and 
free protein molecules in the water phase, resulting in a denser and more 
viscoelastic interfacial protein layer that provided stronger physical barrier against 
droplet coalescence. On the other hand, the cross-linking between the proteins in 
the continuous phase might lead to the formation of a further extended protein 
structure which increased the viscosity of the continuous phase to some extent 
and limit the rate of aggregation and creaming behaviour of the oil droplets. 
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Figure 10. Confocal laser scanning microscope images of emulsions made of the 
unmodified and modified WPI with or without laccase treatment. Size bar = 20 μm. 
Nile Red was used to stain the oil phase = bright regions. (a–c) Different 
emulsions made from WPI; (d-f) different emulsions made from Van-WPI. 
 
 
Figure 11. Visual observation of aged emulsions. The emulsion samples were 
stored at RT for 1 week. Clarification and creaming were observed respectively 
from the bottom and the top of tubes. 
 
CN was cross-linked by Tgase at a dosage of 500 nkat/g (TGCN) prior to the 
emulsification process. After the emulsions made of the non-cross-linked and 
cross-linked CN were prepared under the same emulsification conditions and the 
droplet size of these two emulsions was followed for 30 days (Figure 12). At high 
protein concentration (1%), the pre-emulsification cross-linking did not affect the 
emulsifying activity of the modified proteins since the mean droplet diameter of the 
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fresh TGCN emulsion was the same as that of the CN emulsion (0.16 µm). The 
physical stability of emulsions was slightly improved by the Tgase treatment. After 
30 days storage, the mean droplet diameter increased to 0.29 µm for the TGCN 
emulsion and 0.38 µm for the CN emulsion. This improvement of the physical 
stability of emulsions could be attributed to a denser interfacial layer formed by the 
cross-linked proteins. 
 
 
Figure 12. Physical stability of emulsions over 30 days storage. The emulsions 
made of non-cross-linked sodium caseinate (CN) (◇) and cross-linked sodium 
caseinate (TGCN) (◆) was stored at room temperature in dark for 30 days. 
Samples were taken every 5 days and the volume-surface mean particle diameter 
(d32) was calculated from volume distribution of three batches of emulsions. Two 
measurements of particle size distribution were conducted from each batch.   
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3.3.2 Effect of cross-linking on the oxidative stability of emulsions 
Based on the measurement of luminescence quenching by oxygen in the aqueous 
phase, the oxygen consumption in the emulsions made of the non-cross-linked CN 
and the cross-linked CN was followed as an indication for their oxidative stability 
(Figure 13). In an O/W emulsion system where oxygen is consumed in the oil 
phase for lipid oxidation, the oxygen in the aqueous phase will diffuse into the oil 
phase until an equilibrium state is reached. Therefore, the decrease of the 
concentration of oxygen in the aqueous phase is assumed to be due to the 
formation of fatty acid hydroperoxides, which is the oxygen consuming step of the 
lipid oxidation reaction. The emulsions were stored under conditions where a large 
air space and constant stirring allowed quick and sufficient oxygen supply to the 
aqueous phase so that availability of oxygen did not become limiting for the 
reaction and the oxygen concentration in the emulsion samples for the following 
oxygen consumption measurement started from the same saturated level. The CN 
emulsions went through an induction phase within the first 10 days of storage 
during which the rate of oxygen consumption slightly increased from 0.34 to 
1.01mmol/L·day (Figure 13). After this time point, the oxidation rate rapidly 
increased and oxygen consumption rate reached 68.7 mmol/L·day for the CN 
emulsion after 30 days of storage. The lipid oxidation in the TGCN emulsion was 
significantly inhibited and the oxygen consumption rate was at a much lower level 
within these 30 days.  
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Figure 13.Oxygen consumption measurement. The oxygen consumption in 
emulsions stored for 0, 5, 10, 15, 20, 25 and 30 days were monitored using a 
single-channel oxygen meter. The consumed oxygen was plotted against time and 
the rate of oxygen consumption was calculated as the slope of the linear part of 
each plot. The unit was presented in millimole of oxygen consumed in one liter of 
emulsions per day. 
Other methods such as peroxide value measurement (Figure 14) and headspace 
gas chromatography analysis of the volatile oxidation products (Figure 15) were 
applied to confirm the inhibiting effect of cross-linking on the lipid oxidation. The 
results were in good agreement with the oxygen consumption data. The 
concentration of fatty acid hydroperoxides stayed at a relatively low level during 
the first 15 days storage for both CN emulsion and TGCN emulsion, whereas the 
formation of peroxides in the CN emulsion accelerated after the induction phase 
and reached a considerably higher level (386 meq/kg oil) after 26 days compared 
to the TGCN emulsion (50 meq/kg oil). 
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Figure 14. Oxidation measured as peroxide values of flaxseed oil emulsions as 
stored without light exposure at 20oC with mixing and large airspace to ensure 
supply of oxygen to continuous phase.  
     
A complex mixture of secondary oxidation products was detected since the 
flaxseed oil contains different types of unsaturated fatty acids. The peaks 
corresponding to propanal and hexanal were identified in the chromatograms and 
the peak area was calculated as an indication of the extent of lipid oxidation. For 
the CN emulsion after 24 days storage, the peak area of propanal and hexanal 
increased from 2.8× 104 to 2.7 ×105 and from nearly 0 to 1.1 ×104 respectively, 
with a number of unidentified peaks of other oxidation products (Figure 15a). For 
the TGCN emulsion the oxidation was effectively slowed down as indicated by a 
significantly less growth of these peaks. After 24 days storage, the peak area of 
propanal and hexanal increased from 1.1 × 104 to 1.6 × 104 and from 0 to 1300 
respectively (Figure 15b). 
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Figure 15. Headspace analysis. The secondary products of lipid oxidation were 
followed by head space gas chromatography. The whole chromatograms of fresh 
emulsions prepared with non-cross-linked (panel a) and cross-linked sodium 
caseinate (panel b) and the emulsions after 24 days storage were presented by 
plotting the detector response against retention time.    
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4. Discussion 
Proteins stabilize an emulsion by forming a charged and viscoelastic layer at the 
O/W interface. This interfacial layer offers electrostatic repulsion and steric 
hindrance to protect the droplets against flocculation when they come close to 
each other, and meanwhile the viscoelasticity of the layer prevent the droplets 
from coalescence during droplet collision. The interfacial proteins, as a physical 
barrier against the penetration of pro-oxidants or oxygen, could help to retard the 
lipid oxidation. In this work, succinylation and EDA modification of milk proteins 
was carried out to increase the electrostatic repulsion of the interfacial proteins at 
pH values close to the pI of the unmodified proteins, and as a result the pH 
stability of emulsions was improved. Enzymatic cross-linking before or after 
emulsification was proven to enhance the mechanical properties of the interfacial 
protein layer and led to an improved physical stability or oxidative stability of the 
emulsions. 
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4.1 Chemical and enzymatic modifications on milk proteins 
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4.1.1 Modification of milk proteins through succinylation and EDA 
modification 
Succinylated milk proteins could be produced under relatively simple conditions. 
This modification did not require other catalysts or reagents and the proteins were 
modified instantaneously without formation of byproducts. As shown by MALDI-
TOF MS, the extent of succinylation could be subtly controlled by adding different 
amounts of succinic anhydride and with an excess of succinic anhydride almost all 
the amino groups could be converted into carboxyl groups. The increasing extent 
of succinylation with the concentration of succinic anhydride measured using 
TNBSA method [Hall et al. 1977] (data not shown) was in agreement with a 
previous study in which 86% succinylation was carried out for β-casein at 0.2:1 
weight ratio of succinic anhydride to the protein [Hoagland 1968]. For higher 
extent of succinylation extensive amount of succinic anhydride was required. This 
result correlates well with literature studies [Mühlrad et al. 1968, Groninger 1973]. 
In food industry, succinylated monoglycerides are produced via the reaction 
between distilled monoglycerides with succinic anhydride, improving the 
emulsifying performance of monoglycerides at acidic pH values. The improved 
emulsifying properties of succinylated CN suggest that the succinylation method 
could expand the use of protein emulsifiers in the same way.  
For the modification with EDA, the carboxyl groups of a protein need to be first 
activated by EDC, forming an O-acylisourea intermediate which could then react 
with the primary amine of an EDA molecule. In this work, the poor solubility of CN 
at the optimal pH for the EDA modification was overcome by applying a partial 
succinylation to the protein prior to the target reaction. Partially succinylated CN 
had an improved solubility at pH 4.8 and more carboxyl groups that were 
converted into amino groups. In comparison with CN, WPI aggregated to a lesser 
extent resulting in no precipitation at pH 4.8. Therefore, WPI could be directly used 
for the EDA modification. For both CN and WPI, excess EDA was required to 
make the reaction proceed and it was estimated that nearly half of the carboxyl 
groups could be modified using this method. The products of the EDA modification 
are largely dependent on the structural nature of the target proteins. During the 
EDA modification, intermolecular polymerization of CN was formed due to a EDC 
induced cross-linking side reaction. The high surface hydrophobicity would 
increase the possibility of a close approach between two CN molecules and then 
their open structure would facilitate the formation of amide bonds between the 
EDC activated carboxyl groups and amino groups on other CN molecule. For WPI 
which has a less hydrophobic surface and a compact globular structure, the 
intermolecular cross-linking of two WPI molecules seems to be effectively 
prevented due to the steric hindrance. Therefore, the EDC activated carboxyl 
groups might be only accessible for small EDA molecules and eventually an EDA-
WPI was formed as a modified protein monomer.  
Other modifications to increase the pI of proteins are esterification which 
blocks the negatively charged carboxyl groups and Maillard reaction between 
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protein and cationic saccharides. Mattarella et al. [1983] studied the effect of 
esterification on the pI of bovein β-lactoglobulin. The protein’s pI was shifted from 
5.2 for the unmodified β-lactoglobulin to 8.7 and 9.5 respectively for ethyl-
esterified and methyl-esterified β-lactoglobulin derivatives. Hattori et al. [2000] 
found that the pI of β-lactoglobulin could be shifted to 5.0, 6.0 and 7.5 after being 
modified by cationic glucosamine, chitopentaose and chitosan respectively. This 
Maillard reaction produces protein-cationic saccharides conjugates at expense of 
losing intrinsic positively charged amino groups of the protein. This might explain 
why the Maillard reaction is less effective in shifting the pI of proteins into alkaline 
region compared to esterification and EDA modification. 
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4.1.2 Cross-linking of milk proteins by laccase and transglutaminase 
In this thesis work, CN and WPI were cross-linked by Tgase and laccase 
respectively. The reactivity of milk protein substrate towards the laccase and 
Tgase was dependent on the accessibility of the reactive residues in the proteins 
to the enzyme. In the case of laccase which reacts with aromatic substrates, 
tyrosine alone or a short peptide containing exposed tyrosine residues can be 
directly cross-linked by laccase [Mattinen et al. 2005]. In a globular protein such as 
WPI, the partially hydrophobic tyrosines are typically buried in the hydrophobic 
core of the protein. The structure of β-lactoglobulin suggested that only one out of 
4 total tyrosine residues was fully exposed to the solvent at pH 6.5, and this 
exposed tyrosine may not be accessible for the active site of laccase [Brownlow et 
al. 1997]. This poor accessibility of tyrosines in WPI could explain the very limited 
extent of cross-linking of the unmodified WPI by laccase in this work (III). A 
common approach to enhance the laccase-catalyzed cross-linking of protein 
substrates is to add free phenolic compounds as mediators [Bourbonnais & Paice 
1990, Selinheimo et al. 2008b]. These small phenolic compounds could be first 
oxidized by laccase and then transfer electrons as they diffuse and reach reactive 
residues such as tyrosine and cysteine inside the protein structure. However, this 
approach facilitates only the radical formation stage of the cross-linking. The non-
enzymatic reaction which eventually leads to the formation of intermolecular cross-
links was still limited due to the poor accessibility of the formed radicals to each 
other. Therefore, the addition of free phenolic mediators improved the cross-
linking of WPI only to a small extent, and as a side effect, color change was 
observed due to the chemical changes of phenolic compounds. The color change 
could be attributed to the formation of quinone components during the laccase 
catalyzed oxidation of phenolic compounds and this reaction was utilized to 
synthesize colorant [Mustafa et al. 2005].  
In this work, the reactivity of WPI towards the laccase enzyme was effectively 
improved by incorporating artificial methoxylphenol groups onto the protein 
structure via vanillic acid modification. The methoxyphenol groups are assumed to 
be incorporated onto the protein surface and thus fairly accessible for laccase. 
These new reactive sites could be directly oxidized into radicals and then form 
intermolecular cross-links with other oxidized protein molecules. Since the cross-
linking of vanillic acid modified WPI was based on a protein-bound radical 
polymerization without addition of any free phenolic compounds color formation 
could be avoided. The vanillic acid modification could broaden the use of the 
laccase catalyzed cross-linking of proteins where color formation is undesired. In 
addition, the cross-linking of vanillic acid modified protein implies an opportunity to 
create biopolymers through modifications of ‘protein-lignin’ hybrids. Kim and 
Cavaco-Paulo [2012] synthesized a functional biopolymer via the oxidative 
conjugation of protein-flavonoid by laccase. The resultant protein-flavonoid 
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conjugates exhibited new color generation and antioxidant activity in flax fibre 
applications.  
Compared to laccase, Tgase is more commonly used as a cross-linking 
enzyme for protein substrates which contain more accessible and reactive amino 
acids towards the enzyme. Again, the reactivity of CN towards Tgase was found to 
be much higher than that of WPI for the same reasons as discussed above. In this 
study, native CN was proven to be extensively cross-linked into polymers by 
transglutaminase (IV). Whereas, under the same enzyme dosage and reaction 
conditions the cross-linking of WPI was very limited. Similar results were obtained 
by Færgemand et al. [1997]. To increase the extent of cross-linking of WPI, 
several methods have been reported to unfold the globular structure including 
treatments with dithiothreitol, alkaline pH, heat or high hydrostatic pressure [Jaros 
et al. 2006]. When WPI was used as an emulsifier, the adsorbed WPI on emulsion 
droplets were also found to be more susceptible to Tgase since the proteins 
unfolded at the O/W interface and thus had better accessibility for the enzyme 
[Færgemand et al. 1998b]. Instead of physically unfolding the protein structure, 
another approach to improve the reactivity of WPI towards Tgase could be adding 
additional reactive sites at positions more exposed to Tgase. For this reason, it 
would be interesting to study the reactivity of the EDA modified WPI towards 
Tgase since the modification adds artificial amino groups most likely onto the 
surface of the proteins. 
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4.2 Effect of droplet surface charge in a protein stabilized 
emulsion 
Using modifications with succinic anhydride or EDA, the sign and magnitude of the 
surface charge of interfacial proteins could be manipulated at a given pH. For 
example, succinylated and unmodified CN or WPI stabilized emulsions at neutral 
or alkaline pH values with sufficient negative charge on the droplet surface, whilst 
EDA modified protein emulsifiers functions better at acidic and neutral pH values 
with extensive positive charge. In food industries where emulsions are often 
produced in weak acidic or neutral pH range, the EDA modified proteins with an 
increased pI might be more practical than succinylated ones whose pI was 
lowered. Besides the magnitude, the sign of surface charge could also plays an 
important role in the emulsion stabilities since it is an important factor influencing 
the interactions between the droplet surface and the components in the aqueous 
phase. Ideally, the interfacial proteins should take the same type of charge as the 
main components in the aqueous phase that undermine the emulsion quality. One 
example would be transition metals that could accelerate the lipid oxidation by 
catalyzing the decomposition of lipid hydroperoxides [McClements & Decker 2000]. 
A positively charged interfacial protein layer, for example the EDA modified CN or 
WPI at pH 1–8, could repel these metal ions and thus retard the oxidation of oil. 
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4.3 Effect of cross-linking on the emulsifying properties of 
protein  
In this work cross-linking by EDC and transglutaminase was applied before the 
emulsification process and the cross-linking by laccase was performed after the 
formation of emulsions. The different effect of the pre- and post-emulsification 
cross-linking on the emulsifying activity and emulsion stability is discussed in this 
section. 
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4.3.1 The effect of pre-emulsification cross-linking on EA and ES 
For sodium caseinate, the pre-emulsification cross-linking by EDC as a side effect 
of the EDA modification was proven to weaken EA and ES (I) whilst the pre-
emulsification cross-linking by transglutaminase showed no apparent impact on 
EA but an improved ES (IV). This difference could be attributed to the extent of 
cross-linking and the concentration of proteins used for emulsification. Extensive 
cross-linking by EDC resulted in a retarded adsorption of CN polymers with high 
concentration of these polymers covering a unit area of droplet surface compared 
to the unmodified CN. This effect was obvious when insufficient protein (0.3%) 
was used to cover the entire newly created oil surface. As a result, the droplets 
were more prone to coalescence when they collided with an “unprotected” surface 
and instantaneous coalescence with a consequent phase separation took place 
during the homogenization (I). Compared to the extensively cross-linked CN 
polymers by EDC, the CN was cross-linked by Tgase to a lesser extent. As can be 
seen from the SDS PAGE gel results, the EDC cross-linked CN as a protein 
polymer did not migrate in the gel but stayed at the top of the well (Figure 5, lane 
5), whilst the Tgase cross-linked CN as a protein oligomer migrated to the same 
level as the 206KDa marker (Figure 9, lane 5). This moderate extent of protein 
polymerization might also retard the adsorption of proteins onto the O/W interface 
but this adverse effect was overcome using an excessive amount of the cross-
linked proteins (1%) to saturate the droplet surface. As a result, the Tgase 
modified CN exhibited a similar EA to the unmodified one with a slightly improved 
ES which could be attributed to a denser interfacial layer with stronger steric 
hindrance between oil droplets. (IV). A conclusion might be drawn based on the 
comparison above that the pre-emulsification cross-linking reaction could improve 
the stability of emulsions only if excessive proteins are available for emulsification. 
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4.3.2 The effect of post-emulsification cross-linking on ES 
In this work, the vanillic acid modified WPI was cross-linked into oligomers by 
laccase after the emulsification process, resulting in an improved storage stability 
of the emulsion. Theoretically, the post-emulsification cross-linking could occur 
between adsorbed proteins, between adsorbed proteins and non-adsorbed 
proteins, or between non-adsorbed proteins. Intermolecular cross-linking occurs 
between adsorbed proteins on adjacent oil droplets would lead to an impaired 
emulsion stability by bridging flocculation, which was not in agreement with the 
stability result observed in this study. Therefore, the cross-linking was first 
assumed to take place between the adsorbed and the non-adsorbed proteins 
which led to an increase of the thickness of the interfacial layer and between the 
non-adsorbed proteins which led to an increased viscosity of the aqueous phase 
(III). These two types of cross-linking could improve the emulsion stability due to 
stronger steric hinderance against droplet aggregation and slower creaming 
velocity. However, later results suggested that at low WPI concentration (0.3%), 
most of the WPI had adsorbed onto the O/W interface and there was only a very 
small amount of non-adsorbed proteins remaining in the aqueous phase (II).The 
contribution of non-adsorbed protein involved cross-linking, even if there was, to 
the improved stability was insignificant. The improved storage stability of the Van-
WPI emulsion should be mainly attributed to the intermolecular cross-linking 
between the adsorbed proteins which increase the cohesiveness and 
viscoelasticity of the interfacial film. This speculation is in agreement with a 
previous study where a Tgase catalyzed post-emulsification cross-linking was 
proven to occur mainly at the O/W interface [Kellerby et al. 2006]. 
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4.3.3 The effect of pre- and post-emulsification cross-linking on the 
oxidative stability of the emulsions 
 
Compared to the non-modified CN emulsion, the oxidative stability of the emulsion 
prepared with Tgase cross-linked CN was significantly improved, as indicated by 
the much slower rate of oxygen consumption and the production of less secondary 
products from lipid oxidation(IV).The particle size of CN emulsion and TGCN 
emulsion was similar for the first 10 days and did not differ much during the rest of 
the storage time, therefore, we could assume that the specific surface area in 
these two emulsion samples were the same during the initiation stage of the 
oxidation (Figure 12 & 13). The retarded lipid oxidation was mostly attributed to a 
stronger protection of the interface against the interaction with pro-oxidants such 
as transition metals or against the adsorption of surface active oxidation products 
produced during the lipid oxidation. Kellerby et al. [2006] reported in their study in 
which post-emulsification cross-linking of CN was performed using 
transglutaminase as the catalyst that the cross-linking occurred preferably 
between the adsorbed proteins rather than that between the adsorbed and non-
adsorbed proteins. Thus only the cohesiveness of the interfacial CN was 
increased and the thickness was assumed to be unchanged. As a result, the 
cross-linking did not influence the diffusion of small pro-oxidant molecules to the 
core of oil droplets and the oxidative stability of the cross-linked emulsion was 
almost the same as that of the uncross-linked one. Partanen et al. [2013] studied 
the transglutaminase catalyzed cross-linking of β-casein at an O/W interface and 
found an increased density and decreased thickness (11–12 nm to 8–9 nm) of the 
interfacial protein layer due to the intramolecular cross-linking. In our study, CN 
was cross-linked prior to the emulsification process, the polymerized protein could 
form a thicker and denser interfacial protein layer and thus increase the amount of 
anti-oxidative groups located at the interface and provide a stronger barrier 
against competitive adsorption by oil oxidation products. Based on this pre-
emulsification cross-linking of protein emulsifiers might be considered a better 
option to make emulsions with better oxidative stability. 
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5. Conclusions and future perspectives 
In this study, two major components of milk proteins, CN and WPI, were modified 
by different approaches in order to enhance their functionality as emulsifiers. 
Succinylation and EDA modification enhanced the electrostatic repulsion between 
droplets particularly at pH 4–7. Vanillic acid modification improved the reactivity of 
WPI towards laccase whereafter droplet aggregation was prevented by post-
emulsification cross-linking. Pre-emulsification of CN by Tgase retarded the rate of 
lipid oxidation in the emulsion.  
To the highest extent, the succinylation shifted the pI of CN from 4.2 to 2.7, and 
the EDA modification shifted the pI of CN and WPI from 4.2 to 9.4 and from 4.9 to 
9.5 respectively. CN and WPI showed different reactivity to the EDA modification 
depending on their structure and solubility at their isoelectric points. By changing 
the ratio of chemical modifiers and the protein, the extent of the modifications 
could be controlled. MALDI-TOF method was used for the first time to characterize 
the chemically modified proteins and was proven to be a very powerful tool to 
calculate the precise number of the modified amino acids. The modified CN and 
WPI were found to have better emulsifying properties compared to their 
unmodified counterparts at certain pH range. In particular, the EDA modification, 
as an additional approach to esterification methods, was probably more effective 
since the modified proteins were able to stabilize an emulsion through the acidic 
and neutral pH range. Since chemical modifications have been used to change the 
net charge or hydrophilic-lipophilic balance (HLB) value of surfactant emulsifiers to 
improve their emulsifying properties in various products, the succinylation and the 
EDA modification indicate the possibility to expand the use of protein emulsifiers to 
emulsions at a broader range of pH by altering their isoelectric points. The study of 
these two types of modifications gives a good reference on controlling the droplet 
surface charge to optimize the emulsion stability at a given pH.  
Enzymatic modifications, laccase and Tgase catalyzed cross-linking of milk 
proteins, were also studied in the present work. Again, the reactivity of CN and 
WPI towards the enzymes was found to be dependent on their structure and the 
accessibility of the reactive sites. WPI, in its native state, was proven not to be a 
good substrate for either laccase or Tgase. Incorporating artificial reactive sites 
onto the surface of WPI significantly improved its reactivity to laccase, and a 
number of pre-treatments have been reported to make WPI more susceptible to 
Tgase. The succinylated or EDA modified proteins could be very interesting 
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substrate to Tgase. Since in a fully modified protein, all the amino groups could be 
converted to carboxyl groups or the other way around, it might give a chance to 
tailor the cross-linking between a succinylated or EDA modified protein and 
another unmodified one.  
Based on a good reactivity of CN towards Tgase or the vanillic acid modified 
WPI towards laccase, enzymatic cross-linking was applied before and after the 
emulsification process and the effect of cross-linking on emulsion stability were 
investigated. The pre-emulsification cross-linking of CN built a stronger protective 
layer at the O/W interface against lipid oxidation which could chemically impair the 
stability of an emulsion. On the other hand, the post-emulsification cross-linking of 
Van-WPI significantly improved the steric repulsion against droplet aggregation 
most likely due to a denser or more viscoelastic interfacial layer.  
The results presented in this study have implied a great opportunity to improve 
the stability or functionality of milk proteins via chemical or enzymatic 
modifications. The alteration of pI of milk protein itself might also open a new path 
to stabilize milk proteins in dairy products at acidic or neutral pH. However, 
chemical modifications applied on protein ingredients in foods might raise safety 
issues. As a continuation of this study, it is worthwhile looking for food grade 
(enzyme based) modification methods that can achieve similar properties as the 
chemically modified proteins. On the other hand, it would also be interesting to test 
these modification methods on non-protein emulsifiers for non-food applications.  
Some explanation on the effect of enzymatic cross-linking on emulsion stability 
in this study was based on the conclusions or hypothesis made in previous 
relevant studies. The exact mechanism of stabilization of emulsions by the 
modified proteins was still unclear. Therefore, it is of great importance to 
investigate the interfacial properties of the modified proteins, for example, the 
thickness of the interfacial protein layer, the interfacial tension and the rheological 
properties. From an application perspective, the second part of this study indicated 
a potential to improve the oxidative stability of the droplets via enzymatic 
modification on the interfacial protein structure. For example, it would be 
interesting to cross-link the protein moiety of gum arabic in citrus oil emulsions 
which are sensitive to the oxidation of limonene. Investigations on other non-
chemical approaches to improve the susceptibility of whey proteins to a cross-
linking enzyme would be necessary.   
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Sodium Caseinates with an Altered Isoelectric Point As
Emulsifiers in Oil/Water Systems
HAIRAN MA,† PIRKKO FORSSELL,† RIITTA PARTANEN,† RAUNI SEPPA.NEN,‡
JOHANNA BUCHERT,† AND HARRY BOER*,†
†VTT Technical Research Centre of Finland, Espoo, Finland and ‡YKI, Institute for Surface Chemistry,
Stockholm, Sweden
Sodium caseinate was chemically modified in order to alter its isoelectric point (pI). Negatively charged
carboxylic groups were introduced to lower the pI, and positively charged amino groups to achieve the
opposite. Different chemical amino acid modification approaches were studied and the modified
proteins were characterized using free amino group assays, SDS-PAGE, MALDI-TOFmass spectro-
metry, and zeta potential measurements. Oil-in-water emulsions were prepared using these modified
caseinates. The pH stability behavior of the emulsions wasmonitored, and interestingly, the stability of
the emulsion could be modulated through steering the pI of caseinate. Using different modified
caseinates, it was possible to create emulsions that were stable in the acid, neutral, and alkaline
regions of the pH spectrum. The stability behavior of the emulsions correlated well with the theoretical
and experimentally determined pI values of the caseinates. Storage stability of emulsions was also
studied at pH values around 7, and emulsions made of modified caseinates showed storage stability
similar to that of unmodified caseinate emulsions.
KEYWORDS: Emulsion; stability; MALDI-TOF; sodium caseinate; amino acid modification
INTRODUCTION
Oil-in-water (O/W) emulsions are widely used in various
industrial application areas such as in food products, cos-
metics, and pharmaceuticals. In general, an O/W emulsion
refers to a dispersionof oil in anaqueousphase.Becauseof the
difference in density between oil and water, O/W emulsions
are thermodynamically unstable, and phase separation occurs
as a function of time. In order to solve this problem, surface-
active emulsifiers are utilized to stabilize the oil-water inter-
face, and as a result, the de-emulsification process is retarded.
A good emulsifier should have a specific molecular structure
with moieties attracted to the water and oil phases, a good
solubility in the continuous phase, and capability to adsorb
the dispersed droplets quickly and forma condensed filmwith
subsequent reduction of the interfacial tension. The capability
to increase the viscosity of the continuous phase of an emul-
sion is also one of the important characteristics of an effective
emulsifier. In terms of practical issues, it should function
at low concentration and be inexpensive, nontoxic, and safe
to handle (1 ).
Proteins, such as casein and whey protein (2 ), are
widely used as emulsifiers. They prefer to localize at the
emulsion interface because of their amphoteric nature and
thereby lower the surface tension. At the interface, the hydro-
phobic parts of the protein are in the oil phase, while the
hydrophilic parts remain in the water phase, providing an
electrostatic and steric repulsive force against coalescence or
disproportionation (3 ). A drawback with proteins as emulsi-
fiers is their low solubility due to low net charge at pH values
close to their isoelectric points (pI), and as a result of this, their
emulsifying activity in that pH range is considerably reduced
(4 ). In the case of caseins with an average isoelectric point
around 4.5 (5 ), reduction of emulsifying activity at pH values
4-5 has been a severe limitation in casein’s applications in the
acidic pH range (6 ).
Derivatization of amino acid moieties in proteins by che-
mical or enzymatic modification is an efficient way to change
the physicochemical properties of proteins such as charge,
hydrophilicity, andviscosity (7 ).For example, glutaraldehyde
mediated cross-linking of β-casein endows the emulsion with
enhanced stability against disproportionation (8 ). Glycol-
conjugates such as caseinate-maltodextrin (6, 9) and casein
modified with glucose, ribose, fructose, lactose, and fructo-
oligosaccharide (10 ) have been reported with improved solu-
bility at the pI of unmodified caseinate, and increased thick-
ness of interfacial layer and a better emulsifying capability
were observed. Modifications such as thiolation (11 ), phos-
phorylation (12 ), acetylation, and succinylation (13 ) have
also been studied in terms of changing physicochemical
properties of the proteins to optimize their use as emulsifiers.
Succinylation (Scheme 1) is one of the most common ways
to acylate the amino group of proteins. In this reaction, the
positively charged ε-amino groups of lysine residues are
modified with negatively charged succinic acid groups
through a covalent bond, resulting in a protein with a
decreased pI toward the pKa of the introduced succinic acid
group.
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Thismodification has been applied to various proteins such
as hydrolyzed soy proteins (14 ), soy (15 ), mung bean (16 ),
fava bean legumin (17 ), lentil (18 ), leaf protein (19 ), peanut
protein (20 ), and sunflower protein (21 ). Most of the succi-
nylated products, compared with their native counterparts,
exhibited improvement in functional properties such as in-
creased solubility and better emulsifying capacity.
The ethylene diamine (EDA)modification (Scheme2) alters
the pI in the opposite way. Carboxyl groups in proteins react
with EDA in the presence of a water-soluble carbodiimide,
converting the negatively charged carboxyl groups into posi-
tively charged amino groups, resulting in a shift of the
protein’s pI toward the pKa of an amino group in water (22 ).
So far, there has been no work published on using EDA-
modified caseinate as an emulsifier. Ethylenediamine used for
this type of modification might not be an ideal chemical for
food emulsion applications, but it can be used as a model to
validate the impact of an increased pI on emulsion stability.
In this work, physicochemical properties of caseinate were
altered through succinylation and EDAmodification in order
to shift the isoelectric point toward both the acidic and the
alkaline regions of the pH spectrum. By shifting the isoelectric
point toward alkaline pH, it would possible to use caseinates
as emulsifiers in the pH range from 3 to 7, which is an
important pH range for food applications. In this study, the
suitability of chemically modified sodium caseinates for this
purpose were compared.
MATERIALS AND METHODS
Materials. Sodium caseinate was obtained from KasLink-
Foods (Finland) (Protein 94%, Lactose 0.1%, Fat 1%,
Ash 3.5%) and flaxseed oil was purchased from Elixi Oil Oy
(Somero, Finland), where the fatty acid content was the follow-
ing 4% 16:0, 3% 18:0, 12% 18:1, 15% 18:2, and 66% 18:3.
Succinic anhydride (Purityg97.0%) and ethylenediamine dihy-
drochloride (Purityg99.0%)were purchased from Sigma. EDC
(Purity g98.0%) was purchased from Pierce.
Modification of Na-Caseinate by Succinylation.A3mg/mL
sodium caseinate solution was prepared by dissolving the pro-
tein in PBS buffer (pH 7.0), and the pHwas adjusted to 8.0 using
a 1.0 M NaOH solution. Succinic anhydride was added at a
concentration of 0.03, 0.06, 0.1, 0.2, 0.3, 0.6, 1, and 4 g/g of
protein, and 1.0 M NaOH was used to maintain the pH above
8.0 during the reaction. The mixture was stirred for 2 h at room
temperature after all of the succinic anhydride was completely
dissolved. Dialysis against distilled water was then applied
to remove the unreacted reagents. Succinylated sodium case-
inate was recovered by freeze-drying. The succinylated caseinate
using 1 g of succinic anhydride per gram of sodium caseinate
(SUCA) was made in large scale (>300 mg) in order to be used
as the emulsifier.
Modification of Na-Caseinate by EDA. A 3 mg/mL solu-
tion of sodium caseinate, which had been partially succinylated
with 0.06 and 1 g of succinic anhydride per gram of protein
was prepared by dissolving the protein in 0.1 M MES buffer
containing 1 M ethylenediamine dihydrochloride. The pH was
adjusted to 4.7 with a 0.1 M NaOH solution, and 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride (EDC) was
added at a concentration of 2 mg/mL. The reaction mixture was
stirred for 2 h at room temperature. Dialysis against a 0.02 M
NaH2PO4 and 0.15 M NaCl solution at pH 7.5 was used to
quench the reaction, and dialysis against sterilized water was
applied afterward to remove the unreacted reagents. The EDA
modified caseinate was recovered by freeze-drying. The mod-
ification was also performed using bovine serum albumin (BSA)
and whey protein as a comparison. EDAmodified succinylated
caseinate using 0.06 g of succinic anhydride per gram of sodium
caseinate (EDCA)wasmade in large scale (>300mg) in order to
be used as the emulsifier.
Analysis of the Extent of Modification. The 2,4,6-trinitro-
benzene sulfonic acid (TNBSA) method of Hall et al. (23 ) was
used to determine the extent of succinylation and EDA mod-
ification. The modified proteins and unmodified controls were
dissolved in 0.1 M NaHCO3 at a concentration of 200 μg/mL.
After this, 0.25 mL of 0.01% solution of TNBSA was added to
0.5 mL of protein sample solution and mixed well. The samples
were incubated at 37 C for 2 h, and 0.25 mL of 10% SDS and
0.125 mL of 1 M HCl were added. The absorbance of the
solutions was measured at 335 nm in a spectrophotometer
(Perkin-Elmer Lambda 45 UV/vis Spectrometer, USA) against
a reagent blank. The absorbance of the unmodified sodium
caseinate was set equal to 100%. The relative percentage of
modified lysine groups was obtained using the following
formula:
Percentage of modified lysine groups ¼
1-ðabsorbance of modified caseinate=
absorbance of unmodified caseinateÞ  100%
Matrix assisted laser desorption ionization-time-of-flight
mass spectrometry (MALDI-TOF MS) was applied to de-
termine the extent of the chemical modifications. Sinapinic
acid was selected as the matrix and dissolved to saturation in
a 1:1 mixture of 0.1% trifluoroacetic acid (TFA) and acet-
onitrile. The samples of succinylated caseinate and EDA
modified caseinate were dissolved in distilled water and 1:1
mixed with the matrix. One microliter of the mixture was
spotted on the target plate and dried in air for 10 min. The
analysis was conducted using a mass spectrometer (Bruker
AutoflexII,Germany). The sampleswere also analyzed using
a Coomassie stained 12% SDS-PAGE gel with low molec-
ular weight markers as standards.
Measurement of Zeta Potential. The samples were pre-
pared by dissolving native and modified caseinates (SUCA
and EDCA) in 10 mM NaCl solutions at the concentration
of 1 mg/mL, and the pH was adjusted using 0.1 M HCl
and 0.1 M NaOH. The zeta-potential of 1 mL of each sam-
ple was measured using a Zetasizer Nano-ZS instrument
(Malvern, UK).
Preparation of O/W Emulsion. Freeze-dried sodium case-
inate and modified caseinates were solubilized in 100 mL of
Milli-Q water at a controlled pH (mentioned in the figure
legends and table) at a protein concentration of 0.3% and
1%. Ninety percent w/w protein solutions were homoge-
nizedwith 10%w/w flaxseed oil in two steps. A pre-emulsion
Scheme 1
Scheme 2
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was prepared using a stirring-type homogenizer (Heidolph
Diax 900, Germany) under constant conditions: 2 times,
2 min at 26000 rpm at room temperature. The main emulsi-
fication was performed using a pressure homogenizer
(MicrofluidicsM-110Y,USA) using 100mLof pre-emulsion
at 0 C and 40 psig (500 bar). After the pre-emulsion was
applied, it circulates in the homogenizer for 10 min, during
which it passes through the chamber 30 times.
Analysis of Emulsion Properties. pH stability of the emul-
sions was analyzed by transferring a 2 mL emulsion sample
into an eppendorf tube, where after the pH was adjusted
from 2 to 12 by adding 1 M NaOH or 1 M HCl solutions.
After this, the sample was centrifuged at 6000 rpm for 5 min.
The liquid phase was taken by drilling a hole from the
bottom of the tube, diluted 100-fold into Milli-Q water,
and the absorbance at 633 nmwasmeasured for each sample.
To study the storage stability of emulsions, the particle size
distribution of freshly made emulsions and emulsions stored
at room temperature for 24, 48, and 72 h was measured by
laser diffraction (Beckman Coulter LS230, CA). The vo-
lume-weighted geometic mean particle diameter (d33) was
calculated from the particle size distribution.
RESULTS
Chemical Modification of Sodium Caseinate. Sodium case-
inate was succinylated to different extents using succinic
anhydride to protein ratios varying from 0.03 g of succinic
anhydride per gram of protein to 4 g of succinic anhydride
per gram of protein. The relative extent of the chemical
modification was measured using the TNBSA assay, which
detects the number of free amino groups in a protein and thus
can be used tomonitor the covalently modified lysine groups
as shown in Figure 1A. With an increasing dosage of succinic
anhydride, the extent of succinylation increased accordingly.
Fifteen percent of the lysine groups in sodium caseinate were
succinylated when modified by 0.03 g of succinic anhydride
per gram of protein, while the extent of modification in-
creased to 94% when the ratio was increased to 0.3 g/g, and
with a weight ratio of succinic anhydride to sodium caseinate
over 1:1, sodium caseinate was completely succinylated.
The modification of sodium caseinate could also be mon-
itored using SDS-PAGE, and a band shift was detected
when sodium caseinate with a different extent of modifica-
tion was loaded onto the gel. With an increasing amount of
succinic anhydride used as modifier, the molecular weight of
the products increased, and the caseinate bands shifted
upward accordingly (Figure 1B, lanes 2-9). From lane 5 to
lane 9, the bands have the same relative mobility in the gel,
which correlates well with the extent of modification mea-
sured using the TNBSA assay. Modification of proteins in
general leads to a more heterogeneous population of pro-
teins, which results in a reduced sharpness of the bands in the
SDS-PAGE gel and a broadening of theMALDI-TOFMS
spectrum (see below).
Succinylation of sodium caseinate was further studied
using MALDI-TOFMS by which it was possible to directly
measure the extent of modification. It is noteworthy that
sodium caseinate is a complex mixture of different casein
variants (R, β, and κ casein), therefore a spectrum that is
obtained from native or modified caseinates represents the
overall population of unmodified ormodified variants rather
than homogeneous products. The averagemolecular mass of
the unmodified caseinate mixture was detected to be 23966
Da, and after succinylation to different extents, the mass
increased gradually as can be seen in Figure 2A. The average
number of lysine residues, which had been modified, was
calculated by dividing the difference between the molecular
mass of modified caseinate and unmodified caeinate ob-
tained from MALDI-TOF MS by the mass of the chemical
modifier. The average number of succinylated lysine groups
in sodium caseinate, which had been modified with 0.03,
0.06, 0.2 g of succinic anhydride per gramof protein, was 2.5,
5.7, and 11.5, respectively (Figure 2A, peaks B, C and D).
Interestingly, more and more laser power was required to
generate mass spectra from succinylated caseinates with an
increasing extent of modification, as can be seen from the
reduction of the peak size in Figure 2A when succinylation is
more extensive. After the succinic anhydride/protein ratio
exceeded 0.2 g of succinic anhydride per gram of protein, it
was no longer possible to obtain reliable spectra from the
modified protein.
EDA modification of a protein converts the carboxyl
groups of protein to amino groups. According to Burkey
and Gross (22 ), the optimum pH condition for this reaction
is at pH 6, while in the case of sodium caseinate, the largest
extent of modification was reached at pH 4.7. In our work,
partially succinylated caseinate was used as the starting
material for the EDA modification because of its improved
solubility at the optimum pH of the reaction and more
Figure 1. (A) Extent of caseinate succinylation measured using the TNBSA
method. (B) SDS-PAGE analysis of succinylation of sodium caseinate.
Lane 1, low molecular weight marker proteins of 97, 67, 45, 30, and 20 kDa;
lane 2, sodium caseinate control; lane 3, succinylated caseinate by 0.03 g of
succinic anhydride per gram of sodium caseinate; lane 4, succinylated
caseinate by 0.06 g of succinic anhydride per gram of sodium caseinate;
lane 5, succinylated caseinate by 0.2 g of succinic anhydride per gram of
sodium caseinate; lane 6, succinylated caseinate by 0.3 g of succinic
anhydride per gram of sodium caseinate; lane 7, succinylated caseinate
by 0.6 g of succinic anhydride per gram of sodium caseinate; lane 8,
succinylated caseinate by 1 g of succinic anhydride per gram of sodium
caseinate (SUCA); lane 9, succinylated caseinate by 4 g of succinic
anhydride per gram of sodium caseinate.
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importantly, a much larger extent of modification than that
of the modification based on native sodium caseinate. An
increase in the amount of free amino groups was observed
when the product of themodification reactionwas compared
with the unmodified sodium caseinate using the TNBSA
assay. EDA modified 0.06 g/g succinylated caseinate
(EDCA) contained 78% more free amino groups than the
native sodium caseinate.
Besides amino acid modification, EDA seemed to have an
effect on the mobility of the protein in an SDS-PAGE gel
(Figure 3, lane 5). The sodium caseinate monomer band had
a higher mobility in the gel compared to the succinylated
starting material, and treatment with EDC generated cross-
linked products, which is due to the formation of intra
molecular cross-links. Attempts such as modification using
smaller amounts of EDC and lower temperature were made
to avoid the cross-linking reaction. With a low dosage of
EDC, the cross-linkingwas effectively suppressed, butmean-
while the pI could not be increased to a desirable level. The
modification performed at 4 C showed no difference from
the modification at room temperature (data not shown).
For comparison, the EDAmodification was applied to other
proteins such as BSA and whey protein, which have a
more defined globular structure. The modification could be
performed neatly, showing a large increase in molecular
weight in MALDI-TOF MS and a single band with fairly
little cross-linked byproduct (data not shown). However,
caseinate had been reported as a highly susceptible substrate
to the cross-linking reactions. For example, transglutaminase
cross-links caseinate very easily by acting on glutamine and
lysine residues (24 ); therefore, in terms of EDA modification
of caseinate, cross-linkingmight be an inevitable side reaction.
The increase of molecular mass due to EDA modification
was further confirmed by MALDI-TOF MS measurements
(Figure 2B). As a large portion of the product was cross-
linked into modified multimers whose molecular weight was
beyond the measurable range, the spectrum observed in
MALDI-TOF corresponded to the modified monomer
fraction in the mixture. The average number of carboxyl
groups that reactedwithEDAwas calculated to be 17.2when
0.06 g/g succinylated caseinate was used as the starting
material. It was very interesting that after EDA modifica-
tion, the protein could be measured again in the positive
mode using MALDI-TOF MS (Figure 2B, peaks C and D).
However, since no peak could be obtained from the starting
protein, the number of EDA modified residues could not be
precisely calculated when fully succinylated caseinate was
used as the starting material for the EDA modifications.
Zeta-Potential of Modified Caseinates. The zeta-potential
of native sodium caseinate, SUCA, and EDCA was mea-
sured and plotted as a function of pH (Figure 4). The pH
where the zeta potential is zero corresponds with the iso-
electric point of the protein, and the more the pH value of a
sample differs from the protein’s pI, the more charged the
surface of the protein is. As can be seen from Figure 4, after
succinylation to full extent the pI of sodium caseinate
decreased from 4.2 to around pH 2.7, and modification of
partially succinylated caseinate (0.06 g/g of succinic anhy-
dride to sodium caseinate) with EDA moved the pI of the
caseinate mixture up to 9.4. These changes correlate well
with the theoretically estimated pI of 4.98 (unmodified), 3.88
(fully succinylated), and 9.54 (EDA modified), respectively.
These theoretical values were calculated using the results of
the MALDI-TOFMSmeasurement in combination with an
online protein computation tool ProtParam (http://au.ex-
pasy.org/tools/protparam.html). The amino acid sequence
Figure 2. MALDI-TOF mass spectra of modified caseinates. (A) Succinyla-
tion of sodium caseinate. Spectrum A, sodium caseinate control with
molecular weight of 23966 Da; spectrum B, succinylated caseinate by
0.03 g of succinic anhydride per gram of sodium caseinate with molecular
weight of 24211Da; spectrumC, succinylated caseinate by 0.06 g of succinic
anhydride per gram of sodium caseinate with molecular weight of 24529 Da;
spectrum D, succinylated caseinate by 0.2 g of succinic anhydride per gram
of sodium caseinate with molecular weight of 25089 Da. (B) EDA modifica-
tion. Spectrum A, sodium caseinate control with molecular weight of 24148
Da ; spectrum B, succinylated caseinate by 0.06 g of succinic anhydride per
gram of sodium caseinate with molecular weight of 24584 Da; spectrum C,
EDCA with molecular weight of 25853 Da; spectrum D, EDA modified
succinylated caseinate by 1 g of succinic anhydride per gram of sodium
caseinate with molecular weight of 26467 Da.
Figure 3. EDA modification. Lane 1, low molecular weight marker proteins
of 97, 67, 45, 30, and 20 kDa; lane 2, sodium caseinate control; lane 3,
succinylated caseinate by 1 g of succinic anhydride per gram of sodium
caseinate (SUCA); lane 4, succinylated caseinate by 0.06 g of succinic
anhydride per gram of sodium caseinate; lane 5, EDCA.
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of alfa-S1 caseinate, which is the most abundant caseinate in
the mixture, was used as the input parameter of the compu-
tational tool.
pH Stability of the Emulsions Made with Modified Case-
inates. The emulsifying properties of the modified caseinates
with altered isoelectric points were studied at pH values from
2 to 12. The emulsion made of unmodified sodium caseinate
collapsed at pH of around 4.5 as can be seen from a visual
inspection of Figure 5A and from the turbidity measurement
shown in Figure 6 (O); this value correlates well with the pI of
sodium caseinate as confirmed by the zeta potential mea-
surement in the previous section. For fully succinylated
caseinate (SUCA), with a pI shifted toward a more acidic
value, the emulsion lost its stability around pH 2.5-3.5 due
to the introduction of additional carboxylate groups in the
protein, and as a result, the emulsion was stable at pH values
where the emulsion made of unmodified caseinate collapsed
as can be seen from Figure 5C. The tubidity measurements
shown in Figure 6 (9) confirmed this. EDA modification
shifted the pI of caseinate in the opposite direction to 9.4.
From a visual inspection of Figure 5B and from the turbidity
measurement shown in Figure 6 (2), the pH at which the
emulsion lost its stability was around 8.5-10.5. It can be seen
that the emulsionmade from this proteinmixture containing
the EDA modified monomer and multimers had a very
satisfactory stability in the pH 3-6 range.
Effect of pH on Emulsification Capability and Emulsion
Stability.Besides the emulsions thatwere prepared at neutral
pH 7, the emulsification process was also studied at three
different pHvalues to study the effect of themodifications on
emulsification capability and emulsion stability (Table 1). At
these different pH values, the mean particle diameter was
monitored for 72 h. For native sodium caseinate, as pH 5 is
close to its isoelectric point (pH 4.2), most of the protein had
precipitated and was filtered. The actual concentration of
protein that functioned as the emulsifier was very low.
Therefore, the emulsion prepared at this pH value was very
coarse and unstable. The fresh emulsion already had a
particle size larger than 10 μm. At pH values away from its
pI, native sodium caseinate had better emulsification cap-
ability as the particle size of fresh emulsion was much
smaller, and the emulsion was more stable as the mean
particle size was still smaller than 1 μm after 72 h. For the
modified caseinates, at pH 3 for SUCA and at pH 9 for
EDCA, both pH values close to there respective pI, phase
separation took place right after the pre-emulsification
process. Therefore, the sample failed to be further homo-
genized as the oil phase always floated on top of the mixture
and could not be drawn into the pressure homogenizer. At
other pH points where emulsification is feasible, good emul-
sification capability and emulsion stability were observed.
Particle Size Distribution of Freshly Made Emulsions. The
particle size distribution of freshly made emulsions using
0.3% (Figure 7A) and 1% (Figure 7B) of the differently
modified caseinates and unmodified caseinate as emulsifiers
was measured. Fully succinylated caseinate (SUCA) was
found to have the best emulsifying efficiency as it gave the
smallest particle size. A minor peak with particle size less
than 0.1 μm was observed, but it was assumed to be the
protein without oil. This minor peak was also observed with
increased protein concentration when native sodium case-
inate or EDCA were used. But in the case of SUCA, as the
Figure 4. Zeta-potential of native andmodified caseinates. Zeta-potential of
1 mg/mL native sodium caseinate (O), SUCA (9), and EDCA (2) in 10 mM
NaCl solutions at different pH values wasmeasured and plotted as a function
of pH.
Figure 5. pH stability test of emulsions made of native and modified
caseinates (I). Native and modified caseinates were solubilized in Milli-Q
water at the concentration of 0.3%, and 90% w/w protein solutions were
homogenized with 10% w/w flaxseed oil in two steps as mentioned in
Materials andMethods. After adjusting the pH from 2 to12, the samples were
centrifuged at 6000 rpm for 5 min. (A) Emulsion made of sodium caseinate;
(B) emulsions made of EDCA; (C) emulsion made of SUCA.
Figure 6. pH stability test of emulsions made of native and modified
caseinates (II). The liquid phase of the emulsions made of native caseinate
(O), SUCA (9), and EDCA (2) after centrifugation was taken and diluted
100-fold into Milli-Q water. The absorbance at 633 nm was measured for
each sample.
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amount of excessive protein apparently increased, leading to
an increased height of the minor peak and a smaller particle
size of the emulsified portion,moving themajor peak toward
smaller particles size, the two peaks merged into a single one
as a result.
Effect of Protein Concentration on Emulsion Stability. The
storage stability of the emulsions of modified caseinates was
studied by measuring the particle size distribution of the
freshly made emulsions compared to emulsions stored at
ambient temperature for 24, 48, and 72 h. When the mean
particle diameter of emulsionsmade of 0.3%native caseinate
and SUCA (1 g/g succinic anhydride/sodium caseinate) was
followed in time, the starting mean particle diameter of fresh
emulsions was 0.40 and 0.31 μm, respectively, and no distinct
increase in particle size was observed after 72 h. The initial
mean particle size of the emulsion made of 0.3% EDCAwas
1.23 μm, and within 24 h, a sharp increase in size took place
as can be seen from Figure 8A. The increase of the protein
concentration from 0.3% to 1% shifted the particle size
distribution of the fresh emulsions, especially of the emul-
sions made from EDCAmodified caseinate as can be seen in
Figure 8B. At 1% protein concentration, all particles of the
emulsionmade fromEDCAmodified caseinate were smaller
than 1 μm, and the storage stability was much better than in
the emulsion made at a protein concentration of 0.3%.
DISCUSSION
Succinylation of caseinateswas easier to performcompared
to the EDA type of protein modification. This reaction took
place almost instantaneously when protein and succinic anhy-
dride were mixed, without the need of a catalyst, and no
byproducts such as cross-linked caseinates were formed.
Another advantage was, as could be shown by MALDI-
TOF MS, that the extent of the modification could be subtly
controlled using different amounts of the modifier. As
expected, the heterogeneity of the protein sample after
Table 1. Mean Particle Diameter (μm) of Emulsions Made of the Different
Caseins at Different pH Valuesa
unmodified (μm) SUCA (μm) EDCA (μm)
0 h 24 h 48 h 72 h 0 h 24 h 48 h 72 h 0 h 24 h 48 h 72 h
pH 3 0.68 0.74 0.86 1.4 ND ND ND ND 0.46 0.70 0.65 0.80
pH 5 10.6 13.0 15.9 34.2 1.4 1.5 2.1 3.2 1.4 1.9 2.2 2.9
pH 7 0.39 0.39 0.41 0.42 0.31 0.31 0.32 0.33 1.23 8.44 9.22 10.0
pH 9 0.26 0.26 0.33 0.49 0.15 0.15 0.16 0.28 ND ND ND ND
aND: Not determined, phase separation took place right after the pre-emulsifica-
tion process. A protein concentration of 0.3% was used.
Figure 7. Particle size distribution of freshly made emulsions. The volume
distribution curves of freshly made emulsions made of native sodium
casseinate (O), SUCA (9), and EDCA (2) were measured at pH 7 by
putting 1-2 drops (∼100 μL) of each sample by light scattering using laser
diffraction instrumentation. (A) Emulsions made of a 0.3% protein solution;
(B) emulsions made of a 1% protein solution.
Figure 8. Shelf life of emulsions made of modified caseinates. The particle
size distribution of freshly made emulsions at pH 7 and these emulsions
stored at room temperature was measured after 24, 48, and 72 h by laser
diffraction. The volume-weighted geometric mean particle diameter was
calculated from the size distribution and was plotted against time. (A)
Emulsions made of a 0.3% protein solution; (B) emulsions made of a 1%
protein solution.
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modification seemed to be slightly increased as can be judged
both qualitatively from the fuzziness of bands in the SDS-
PAGE gels and quantitatively from the width of the peaks in
the MS spectra. Since the modified protein was used as an
emulsifier, this was of less relevance, but it shows the power of
mass spectrometry to analyze protein based emulsifiers. The
extent of succinylation as a result of different amounts of
succinic anhydride used was in agreement with what was
reported in the literature: 86% succinylation for beta-casein
at 0.2:1 weight ratios of succinic anhydride to casein (25 ).
Also, our results support the observation that in order to
succinylate caseinate in high levels, large excesses of succinic
anhydride are required (26, 27). Interestingly, for the EDA
modification, it turned out that the low solubility at the
optimum pH for the reaction could be overcome using
partially succinylated caseinate as the starting material, hav-
ing the additional advantage that at same time there are more
carboxyl groups available to be modified into amino groups.
The use of succinylated caseinate as starting material opens
interesting opportunities for further casein modifications.
Zeta potential measurements do not only measure the
isoelectric point of modified proteins, but also give an indica-
tion of the charge of the modified caseinates at different pH
values. A high zeta potential value means that the protein
particles are intensively charged on the surface and repel each
other. This helps to predict the protein’s emulsifying efficiency
at a certain pH value, as highly charged caseinate on the oil/
water interface can provide emulsion droplets with sufficient
repulsive forces against flocculation and coalescence. There-
fore, according to the zeta potentialmeasurement,EDCAwas
expectedbe a goodemulsifier that formsdropletswithahighly
positive charge at pH values below pH 8. Fully succinylated
caseinate, however, is suitable as an emulsifier at pH values
above pH 3.5. This prediction based on zeta potential was
supported by the results of the pH stability test and the
emulsification studies at different pH values. Turbidity above
1.4 was observed in overlapping pH regions for the three
differently modified proteins, meaning that the pH range of
the protein emulsifier can bemodulated by the use of different
types of casein modifications.
From pH 2 to 6, EDA modified caseinate has a good pH
stability performance, and above pH 6, either succinylated or
native caseinate have satisfactory pH stability. When the
emulsification efficiency of the different caseinate variants
was studied at different pHvalues, a good correlationwith the
altered charge behavior of the proteins was also observed. At
their isoelectric points, the caseinates could not be solublized
and therefore lose their capability to generate and stabilize the
emulsion system.Under other pHconditions, a pattern canbe
found that the further the pH of emulsification is away from
emulsifier’s pI, the better the achievement of emulsification
capability and emulsion stability. This result correlates well
with the protein solubility and pH stability pattern observed
for the different emulsions.
Full succinylation introduces many carboxyl groups into
the protein, resulting in a negative charge when dissolved in
distilled water with a pH value around 7. It has been reported
that the negatively charged phosphate groups have an un-
favorable effect on the ionizationprocessof theMALDI-TOF
MS measurement, as the presence of negatively charged
carboxyl groups may lead to low ionization efficiency (28 ).
This might explain why it was not possible to obtain spectra
from highly succinylated casein samples. However, substitut-
ing a negatively charged group with a positively charged one
has been described as an effective way to improve the MS
signal intensity (29 ), and thus, themodificationwithEDAhas
been applied to enhance the ionization efficiency in MALDI-
TOF MS (30 ). This could explain why the EDA modified
samples again showed a sound peak.
The size of emulsion droplets is an important parameter
that greatly affects the stability of an emulsion.Measuring the
change in the particle size distribution of an emulsion with
time can be utilized as a quantitative method of determining
emulsifier efficiency and stability. An efficient emulsifier
produces emulsions in which the particle size is small
(<1 μm) and the distribution does not change over time,
whereas a poor emulsifier produces emulsions in which the
particle size increases due to coalescence and/or flocculation.
Two factors that influence the droplet size are the emulsifier
concentration and the speed atwhich the emulsifier adsorbs in
the interface (3 ). In this work, it was apparent that using a
higher concentration of protein enabled the protein to cover
more interfacial area and generate smaller droplets. At the
same caseinate concentration, the particle size of emulsions
differed because of the characteristics of each modified case-
inate. After succinylation, caseinatewasmore soluble than the
native caseinate at the pH at which the emulsions were
prepared. This improved solubility seemed to allow succiny-
lated caseinate to adsorb faster to the interface than the native
caseinate. For EDCA, the modified protein was more soluble
aswell, but it existed in the formofmultimers due to the cross-
linking reaction. This may have affected the diffusion of
EDCA from bulk to interface and made the reorientation
process of the protein at the interface slower.
To sumup, succinylation andEDAmodification of sodium
caseinate resulted in caseinates with altered isoelectric points,
and a pH-dependent improvement in solubility and emulsify-
ing propertieswere achieved.MALDI-TOFMSwas shown to
be a powerful tool to study these types ofmodifications. It can
very precisely unveil the extent of themodification and help to
estimate the pI of the modified emulsifier. An idea about the
level of heterogeneity in the products can also be obtained
from the peakwidth. The two different modificationmethods
shifted the pI of caseinate in the acidic or alkaline direction.
For proteins, suchas sodiumcaseinate,whose isoelectricpoint
is slightly acidic, the EDA modification is very interesting
since it gives the opportunity to study caseinates as emulsifiers
in a different pH range. The modified protein had good
solubility and emulsifying properties throughout acidic and
neutral regions up till pH 7, showing that introducing addi-
tional positive charges in caseinate is an efficient way to
improve its functionality in this pH range where most of the
food applications of emulsion are applied.
The cross-linking reaction that multiplies the molecular
mass of caseinate leads to a higher demand on the amount of
EDCA to stabilize the emulsion. This side reaction was not
observed when the EDA modification was applied to whey
protein and BSA. It would be worth studying further the
properties of EDA modified whey protein and BSA as
emulsifiers as well. EDA itself is not themost ideal compound
to produce modified positively charged caseinates for food
applications, but this study shows that it would beworthwhile
to look for food grade analogues to achieve similar properties.
Most interesting would be a protein modification procedure
using a biocatalytic approach to reach this goal. Transgluta-
minase catalyzes the deamination and amine fixation of
proteins and has been widely used in the food industry. It
would be worth studying whether this type of catalysts or
others can be used as tools to modulate protein charge
through amino acid modifications.
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ABBREVIATIONS USED
EDA, ethylene diamine; EDC, 1-ethyl-3-(3-dimethylami-
nopropyl) carbodiimide; MALDI-TOF, matrix assisted laser
desorption ionization-time-of-flight;MES, 2-(N-morpholino)
ethanesulfonic acid; MS, mass spectrometry; O/W emulsion,
oil-in-water emulsion; PAGE, polyacrylamide gel electro-
phoresis; PBS, phosphate buffered saline; pI, isoelectric point;
SDS, sodium dodecyl sulfate; TNBSA, 2,4,6-trinitrobenzene
sulfonic acid; TFA, trifluoroacetic acid.
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Charge Modifications to Improve the Emulsifying Properties of Whey
Protein Isolate
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ABSTRACT:Whey protein isolate was modiﬁed by ethylene diamine in order to shift its isoelectric point to an alkaline pH. The
extent of the modiﬁcation was studied using SDSPAGE and MALDI-TOF mass spectrometry. The modiﬁed whey proteins were
used as an emulsiﬁer to stabilize oil-in-water emulsions at acidic and neutral pH ranges, and their emulsifying properties were
compared with that of the unmodiﬁed whey proteins and with the previously studied ethylene diamine modiﬁed sodium caseinate.
The emulsifying activity of the modiﬁed whey proteins was similar to that of the unmodiﬁed ones, but the stability of an emulsion at
pH 5 was signiﬁcantly improved after the modiﬁcation. Charge and coverage of droplet surface and the displacement of the
interfacial proteins by surfactant Tween 20 were further studied as a function of pH. As compared with the unmodiﬁed whey
proteins, the modiﬁed ones were proven to cover the interface more eﬃciently with extensive surface charge at pH 5, although the
interfacial layer was less resistant to the surfactant displacement.
KEYWORDS: whey protein isolate, ethylene diamine modiﬁcation, emulsifying acitivity, emulsion stability
’ INTRODUCTION
Protein emulsiﬁers facilitate the formation of oil-in-water (O/W)
emulsions and assist the maintenance of emulsion stability (ES).
Emulsifying characteristics of proteins are inﬂuenced by their
adsorption rate and ability to reorganize at the interface. Proteins
form visco-elastic interfacial layers, which act as barriers against
droplet coalescence, and oﬀer steric and electrostatic repulsions
against ﬂocculation.1,2 Caseins and whey proteins, the two major
classes of milk proteins, have been widely used as emulsiﬁers due
to their amphiphilic nature.3 The emulsifying ability of caseins,
especially β-casein, has been extensively studied.4 Individual
caseins have an open ﬂexible structure, whereas whey proteins
such as β-lactoglobulin, α-lactalbumin, and bovine serum albu-
min have more compact globular structures. Because of their
ﬂexible structures, caseins can more readily adsorb at the inter-
face as compared to whey proteins, which need longer time to
adsorb. However, whey proteins form more viscoelastic inter-
faces against coalescence.5 Even if caseins and whey proteins are
considered as excellent emulsiﬁers, their poor emulsifying cap-
abilities at pH values close to their pI (∼pH 5) signiﬁcantly limits
their applications in food industries where most of the products
are neutral or weakly acidic.6
Despite the fact that chemical modiﬁcations are usually not
favored for food applications due to safety concerns, they have
been studied to improve the functionalities of protein emulsiﬁers.
A number of modiﬁcations have been reported to improve ES by
sterically strengthening the interfacial protein layer.7 Thicker
barriers against ﬂocculation have been obtained by protein
polysaccharide conjugates emulsiﬁers made by Maillard type
reactions.8 Deamidation has been shown to improve interfacial
properties such as layer thickness and structures, providing better
emulsion stability against coalescence and heat treatment.9 Thiolation
has been also found to improve the resistance of surface protein
layer against displacement by surfactant.10 As far as electrostatic
stabilization is concerned, a handful of modiﬁcations have been
found to lower the pI of protein emulsiﬁers and thus provide a
pH-dependent improvement of their emulsifying properties. For
example, acetylation of proteins eliminates the positive lysyl re-
sidues with noncharged side groups. Acylation with succinic or
other dicarboxylic anhydrides replaces lysyl residues with nega-
tively charged carboxyl groups. Both of these modiﬁcations cause
an increase of protein solubility and electrostatic repulsion
between droplets at the proteins’ pI and thus lead to improved
emulsifying activity (EA) and ES.11
The use of enzymes as tools to modify protein emulsiﬁers has
gained increasing interest in recent years. Using cross-linking
enzymes such as transglutaminase (TGase), milk proteins were
polymerized to various extents resulting in stronger cohesive
interactions between polymerized β-casein molecules and sub-
sequently in enhanced stability of emulsions.12 A pH-dependent
improvement of EA of cross-linked sodium caseinate by TGase
was also reported by Flanagan.13 Lately, using laccase as the
catalyst combined with a layer-by-layer electrostatic deposition
technique, Littoz et al. created a cross-linked β-lactoglobulin-
beet pectin multilayer to protect droplets against ﬂocculation in
the presence of NaCl.14
Ma et al. reported a study in which the pH stability of sodium
caseinate emulsion was improved by shifting the iso-electric
point of casein to the acidic and alkaline sides of the pH range
through succinylation and EDA modiﬁcation.15 The latter mod-
iﬁcation converts the negatively charged carboxyl groups into
positively charged amino groups, resulting in an increased pI of
protein. The EDAmodiﬁed sodium caseinate had a pI around 9.5
and therefore was able to stabilize the oilwater interface in both
the acidic and neutral pH range. However, the sodium caseinate,
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due to its extensive aggregation behavior at pH 5, had to be
partially succinylated prior to the EDA modiﬁcation to maintain
good solubility. The majority of the EDA modiﬁed sodium
caseinate was inevitably cross-linked due to the disordered open
structure of individual caseins. As a result of the extensive cross-
linking side reaction, the EA of the product was to some extent
compromised. The large size of the cross-linked sodium case-
inate would lead to a retarded adsorption of the proteins at the
O/W interface. Furthermore, due to a high surface concentration
of the cross-linked proteins, only a limited surface area could be
created and stabilized by insuﬃcient amount of emulsiﬁers.
The objective of this study was to focus on a protein which can
be directly modiﬁed by EDA without pretreatment and, more
importantly, to produce a nonpolymerized EDA modiﬁed pro-
tein emulsiﬁer with both improved pH stability and at the same
time a satisfactory EA. To minimize the extent of cross-linking
side reaction, whey protein isolate (WPI), which has more
compact globular structures with limited tendency to aggregate
at the isoelectric pH, was chosen as the target protein. In this
work, the EDA modiﬁcation was applied to WPI, and the extent
and composition of the modiﬁed WPI were investigated. The
destabilization process of emulsions made of the unmodiﬁed and
modiﬁed WPI and the surface coverage of these proteins were
further studied as a function of pH.
’MATERIALS AND METHODS
Materials.Whey Protein Isolate, which was free of lactose (max. 0.5%)
and contained a minimum dry protein content of 91%, was obtained
from Lacprodan, Arla Foods Ingredients, Viby J, Denmark. Ethylene-
diamine dihydrochloride was purchased from Sigma (purity g99.0%).
EDC was purchased from Pierce (purity g98.0%). Flaxseed oil was
purchased from Elixi Oil Oy (Somero, Finland), where the fatty acid
content was the following: 4% 16:0, 3% 18:0, 12% 18:1, 15% 18:2, and
66% 18:3.
Modification of WPI by Ethylene Diamine. The ethylene
diamine modification was performed as described by Ma et al.15 The
WPI was dissolved in 0.1 M MES buffer containing 10 mM 1-ethyl-3-
(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC). Ethyle-
nediamine dihydrochloride was added at concentration of 20 mM. The
pHwas adjusted to 5 using a 0.1MNaOH and 0.1MHCl solutions. The
reactionmixture was stirred for 3 h at room temperature. Dialysis against
a 0.02 M NaH2PO4 and 0.15 M NaCl solution at pH 7.5 was applied to
quench the reaction, and dialysis against sterilized water was applied
afterward to remove the unreacted reagents. The EDA modified WPI
was recovered by lyophilization. The protein solutions after dialysis were
frozen and then lyophilized in a Lyovac GT2 freeze-drier (STERIS Finn-
Aqua, Tuusula, Finland) at 0.1 mbar for 3 days to allow a complete
removal of water.
Analysis of the Extent of Modification. Matrix assisted laser
desorption ionization-time-of-flight mass spectrometry (MALDI-TOF
MS) was performed to study the extent of the modification. Sinapinic
acid was used as the matrix and dissolved to saturation in a 1:1 mixture of
0.1% trifluoroacetic acid (TFA) and acetonitrile. The samples of
unmodified WPI and EDA modified WPI were dissolved in distilled
water and 1:1 mixed with matrix. One microliter of the mixture was
spotted on the target plate and dried in air for 10 min. The analysis was
conducted using a mass spectrometer (Bruker AutoflexII, Germany).
The samples were also analyzed using a Coomassie stained 18%
SDSPAGE gel with low molecular weight markers as standards.
Emulsion Preparation andAnalysis of Emulsifying Proper-
ties. The emulsions made of the unmodified and the modified WPIs
were prepared at pH 7 as described byMa et al.15 Sodium azide (0.02 wt%)
was added to the emulsions to prevent microbial growth.
The pH stability and creaming velocity was studied bymonitoring the
destabilization of emulsions using Turbiscan MA 2000 (Formulaction,
Toulouse, France). The pH of emulsions was adjusted to pH 310 by
adding 1 M NaOH or 1 M HCl solutions. Twenty milliliters of the
emulsion at each pH was transferred into a ﬂat-bottomed cylindrical
measuring cell and then scanned with a near-infrared light source (λ =
880 nm). The transmission and backscattering proﬁles were obtained
along the height from the bottom to the top of the cell at 1 min intervals
for the ﬁrst 30 min and every 24 h for 1 week. The temperature of
measurement was 25 C. Computation was done in a reference mode
where the transmission and backscattering proﬁles were plotted relative
to the data obtained at 0 time. The peak thickness kinetics at the bottom
(height 010 mm) and top (height 3545 mm) of each sample was
computed at a delta backscattering threshold ((BS min + BS max)/2) as
a function of time. The creaming velocity (U) was then calculated from
the slope of the plot in the initial stage of creaming (ﬁrst 30 min): U =
ΔH/Δt. To further investigate the droplet aggregation at the pI of WPI,
the emulsions were also visualized at pH 3, 5, and 7 using confocal laser
scanning microscopy (CLSM) as described by Ma et al.16
In order to evaluate the EA of WPI and EDA modiﬁed WPI at dif-
ferent pH values, another batch of emulsions was prepared by homo-
genizing 10% ﬂaxseed oil with 90% protein solutions at pH 3, 5, and 7.
The particle size distribution of freshly made emulsions and emulsions
stored at room temperature for 24, 48, and 72 h was measured by laser
diﬀraction (Beckman Coulter LS230, CA). The measurement was
performed in an optical model with ﬂuid refractive index 1.33 and
sample refractive index 1.46. The pH ofMilli Qwater was adjusted to the
same value as emulsion samples using 0.1 M HCl and 0.1 M NaOH and
used as the measuring media. Samples were consistently taken from the
top part of each emulsion. The volume-weighted geometric mean particle
diameter (d33) was calculated from the particle size distribution of two
batches of fresh emulsions. Two measurements of particle size distribu-
tion were conducted from each batch.
Measurement of Zeta-Potential. The zeta potential was mea-
sured to evaluate the emulsion stability. The emulsion sample was 1:100
diluted in 2mL of 10mMNaCl solution at pH 212, and themobility of
oil droplets was measured at 25 C using a zetasizer (typeNano-ZS,
Malvern, Worcestershire, UK). The zeta-potential value was presented
as the average of two measurements.
Surface Coverage and Displacement. The above method of
homogenization at 500 bar produced emulsions containing small particles
that could not be removed afterward by a low protein-binding filter
(0.22-μm Millipore) and interfered with the accuracy of the following
protein content measurements. Therefore, another batch of emulsions
without particles smaller than 0.2 μm was prepared by letting the
prehomogenized emulsions at pH 3, 5, and 7 pass through the pressure
homogenizer once at 200 bar. The specific surface area of each freshly
made emulsion sample was calculated from the particle size distribution
measured by laser diffraction (Beckman Coulter LS230, CA). Two
milliliters of each emulsion was transferred into an Eppendorf tube and
centrifuged at 20 C and 20000g for 90 min to separate the oil droplets
from the aqueous serum phase containing free proteins. The aqueous
phase was withdrawn with a syringe and then filtered with a low-protein-
binding filter (0.22-μm Millipore). The protein concentration in the
serum phase was then determined using the Lowry protein assay.17 The
surface coverage was calculated by dividing the difference between
the concentration of the total protein in emulsion and the protein in the
serum phase after centrifugation by the known specific surface area.
Surface protein displacement was performed by adding a known
amount of water-soluble surfactant Tween 20 into the emulsion aliquots
immediately following emulsion formation. Control samples containing
various concentrations of Tween 20 without protein were also performed
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to conﬁrm that the concentration of Tween 20 used in this experiment
did not interfere with the accuracy of protein content measurement. The
samples were incubated at room temperature for 1 h to allow compe-
titive adsorption. In the case of the WPI emulsion at pH 5, the sample
was vigorously shaken to prevent phase separation during the incubation
time. The surface protein concentration after displacement was mea-
sured in the same way as that mentioned above for the surface coverage
experiment. Displacement of surface protein was plotted against the
surfactant-to-protein molar ratio R.
’RESULTS
EDA Modification of WPI. Modification of a protein using
ethylene diamine leads to an increase in the molecular mass for
each carboxyl group in WPI that is modified. This mass increase
can be monitored qualitatively using SDSPAGE electrophor-
esis and quantitatively using MALDI-TOF MS. In SDSPAGE,
two major bands corresponding to β-lactoglobulin and α-lactal-
bumin in the WPI shifted upward after modification by EDA.
Despite the presence of some dimers at a position similar to that
of the 37.7 kDa protein marker and a very small amount of
extensively cross-linked products in the top of the gel, most of the
EDA-WPI existed as monomers (Figure 1a, lane 3). MALDI-
TOFMSwas used to quantify the occurrence of the EDAmodifi-
cation and to measure the extent of the modification. According
to the MALDI-TOF MS analysis, the molecular mass of
α-lactalbumin increased from 14208 to 14543 Da and that of
β-lactoglobulin from 18579 to 19250 Da (Figure 1b). The exact
number of the modified carboxyl groups in WPI could be
calculated by dividing the difference between the molecular mass
of modified WPI and unmodified WPI by the mass increase as a
result of the ethylene diamine modification reaction. As a result,
7.8 of 20 carboxyl groups in α-lactalbumin and 15.6 of 26
carboxyl groups in β-lactoglobulin were modified by ethylene
diamine.
Zeta-Potential of the Emulsion Particles. Emulsions stabi-
lized by the unmodified WPI and EDA-WPI were prepared by a
two-step homogenization process. Zeta-potential, a reflection of
the net surface charge of oil droplets in emulsions was measured
based on their electrophoretic mobility and plotted as a function
of pH (Figure 2). In the emulsion system, the protein emulsifier
forms a charged layer on oil droplet surface and provides a pH-
dependent electrostatic repulsive force against aggregation with
other droplets. Therefore, the net surface charge of oil droplets is
an important parameter for predicting the emulsion stability (ES).
High surface potentials ensure a high energy barrier, which
causes the repulsion of adjacent emulsion droplets and results in
the formation of a stable emulsion. In theory, an emulsion with
zeta-potential over | (30 mV| is considered as a stable disper-
sion. Emulsions made of unmodified WPI were found to have
good stability when the pH was either below 4.5 or above 6. At
pH 5, which is close to the theoretical pI ofWPI, the net charge of
the protein was nearly zero, and as a result, the WPI emulsions at
this pH value were very unstable. With EDA modification, the
isoelectric point was shifted from 4.9 to 9.5 as shown by the point
where the zeta-potential reached zero. As a result of this, the pH
Figure 1. Extent of modiﬁcation by ethylene diamine. (a) SDSPAGE analysis of the EDA modiﬁed WPI. Lane 1, prestained SDSPAGE standard
proteins of 206.3, 118.1, 97.3, 54.8, 37.7, 29.4, 17.5, and 6.7 kDa (BIO-RAD); lane 2, unmodiﬁedWPI control; lane 3, EDAmodiﬁedWPI (EDA-WPI).
(b)MALDI-TOFMS of EDA-WPI. Spectrum A,α-lactalbumin of the unmodiﬁedWPI withmolecular weight 14229 Da; spectrum B, β-lactoglobulin of
the unmodiﬁed WPI with molecular weight 18579 Da; spectrum C, α-lactalbumin of the EDA-WPI with molecular weight 14527 Da; spectrum D,
β-lactoglobulin of the EDA-WPI with molecular weight 19250 Da.
Figure 2. Zeta-potential of oil particles in emulsions made of unmodi-
ﬁed and EDA modiﬁed WPI. Zeta-potential of unmodiﬁed WPI emul-
sion (4) and EDA-WPI emulsion (2) 1:100 diluted in 10 mM NaCl
solutions at diﬀerent pH values was measured and plotted as a function
of pH. Each point was the average of two replicates, and the standard
deviation was less than 10% of the average value.
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range where the EDA-WPI failed to make stable emulsions was
shifted to the alkaline pH region (pH 810), indicating that the
modified WPI at the emulsion interface carried enough net
charge to provide electrostatic repulsions between droplets and
therefore was able to stabilize the emulsions all through the acidic
and neutral pH ranges.
pH Stability of the O/W Emulsions. Most of the industrial
applications of food emulsions are conducted in acidic or neutral
pH environments. The loss of electrostatic repulsion at pI
subjects the emulsion to flocculation and possibly, coalescence,
which in turn accelerate creaming unless continuous network of
flocculated droplets is formed. Therefore, the performance of the
modifiedWPI as an emulsifier at these application pH values was
evaluated using backscattering of light to monitor the migration
of oil droplets. Turbiscan was used in our study to follow the
creaming process in the emulsions. The backscattering intensity
is proportional to the amount of particles at different sample
height. Therefore, when creaming takes place in an emulsion
sample, the backscattering signal decreases at the bottom and
increases at the top as the droplets move upward due to the
different density of oil and water. For emulsions made of the
unmodified WPI, satisfying stability was observed at pH 3 and 7
as the emulsions stayed homogeneous over one week. Only slight
creaming took place as seen from the small decrease of the
backscattering at the bottom of each sample. At pH 5, back-
scattering flux, which is influenced by particle size and its volume
fraction, was reduced in one week. Increase of particle size
decreases the flux in the size range of the oil droplets of the
present study. The backscattering flux is also affected by upward
migration of the particles, which decreases their volume fraction
in the lower parts of the measurement vial. Both creaming and
flocculation or coalescence are most likely taking place simulta-
neously as an increase of the particle size is expected to result in
extensive creaming. Transmission was observed at the bottom
(height 010 mm), and the backscattering at the middle (height
1035 mm) sharply decreased (Figure 3a, pH 5 line). As a
comparison, the emulsions made of EDA-WPI exhibited good
stability at all of these three pH values, although creaming at the
bottom of the EDA-WPI emulsion seemed to happen slightly
faster than in the WPI emulsion at pH 7 (Figure 3b). This slight
decrease of stability of EDA-WPI emulsions at pH 7 can be
explained by the approach toward the pI of the modified protein.
The migration of emulsion droplets at acidic and neutral pH
values was further studied by collecting backscattering data from
the ﬁrst 30 min. The initial rate of creaming (U) was calculated
from the top (height 3545 mm) and the bottom (height 010
mm) parts of each emulsion (Figure 4). At pH 3, 4, 6 and 7, the
WPI emulsions and EDA-WPI emulsions exhibited similar
creaming rates that were small enough (less than 0.03 mm/min)
to maintain good emulsion stability. The creaming velocity of the
emulsion made of WPI at pH 5 was signiﬁcantly higher than that
of the emulsions at other pH values: 0.08 mm/min at the top and
0.3 mm/min at the bottom. The lower creaming rate at the top
than at the bottom may be attributed to a continuous supply of
particles from the bottom to the top and the interaction between
high concentration of particles which limit the upward move-
ment of each other. The high creaming rate of the WPI emulsion
at pH 5 at the bottom caused a quick clariﬁcation phenomenon of
the sample in a few minutes. The instability caused by droplet
aggregation at the pI of WPI was also followed using confocal
microscopy (Figure 5). Because of the loss of surface charge of
droplets, a great extent of ﬂocculation and coalescence occurred
as soon as the pH of the WPI emulsion was adjusted from 7 to 5.
An image with higher magniﬁcation at the bottom left corner
clearly showed the state of the ﬂocculation of small droplets on
the surface of a larger one (Figure 5a). Larger particles were
formed after 72 h of storage (Figure 5b). As a comparison, the
EDA-WPI emulsion was much more stable at pH 5. The droplets
with diameters around several hundred nanometers were homo-
geneously distributed despite the presence of a small number of
particles with diameters greater than 1 μm (Figure 5c). Coales-
cence occurred to a limited extent during the 72 h storage as
slightly larger particles were observed (Figure 5d). At pH 3 and 7,
the WPI and EDA-WPI emulsions were stable, and the particle
size developed in a way similar to that of the EDA-WPI emulsion
at pH 5 (data not shown).
Emulsifying Activity and Emulsion Stability. EDAmodified
caseinate had improved emulsion stability at around pH 5, while
a drawback was a decrease of the EA due to the extensive cross-
linking side reaction.15 In this work, the cross-linking of EDA-
WPI was shown to occur to a negligible extent (Figure 1a). The
EA was studied in the same way as that used previously for EDA
modified caseinate. The mean particle size of freshly made
emulsions was measured as an indicator of the EA, and the
increase of particle size during three-day storage was followed to
evaluate the ES (Table 1). The unmodified WPI had good EA at
pH values far from its pI. The original particle size was 0.65 μm at
Figure 3. pH stability of emulsions made of unmodiﬁedWPI and EDA-
WPI. Emulsions made of WPI and EDA-WPI at pH 3, 5, and 7 were
stored at RT for 1 week. Backscattering of the fresh and stored emulsions
was detected by Turbiscan from bottom to top of a measuring cell and
then plotted as a function of sample height. (a) pH stability of emulsions
made of unmodiﬁed WPI. (b) pH stability of emulsions made of EDA-
WPI.
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pH 3 and 0.32 μm at pH 7. After 72 h of storage, the particles
were still smaller than 1 μm. At pH 5, the unmodified WPI could
be still dissolved into the water phase, but the protein aggregated
into larger units due to the loss of net charge at its pI.18 The
aggregated state significantly retard the adsorption of the pro-
teins onto the interface, and the electrostatic repulsion between
oil droplets was very weak due to the noncharged interfacial pro-
teins. As a result, the unmodifiedWPI emulsifiermade a very coarse
emulsionwith amean particle size over 10μm, and phase separation
took place within a few minutes, which made it impossible to
further follow the size of larger particles.
The EDA-WPI exhibited better EA and ES over the unmodi-
ﬁedWPI at pH 3 and 5. The particle size of the fresh-made EDA-
WPI emulsions was much smaller than that of WPI emulsions,
and the emulsions maintained excellent stability with insignif-
icant increase of particle size during 3 days of storage at room
temperature. The original particle size of the EDA-WPI emulsion
at pH 7 was larger than that at pH 3 and 5; however, the size of
droplets remained less than 1 μmafter 72 h of storage. Compared
to extensively cross-linked EDAmodiﬁed caseinate which has the
same pI, but failed to make a stable emulsion at pH 7 (particle
size increased from 1.23 to 10.0 μm after 72 h),15 signiﬁcant
improvements of both EA and ES were observed for EDA-WPI.
Surface Coverage andDisplacement ofWPI and EDA-WPI.
Adsorbed protein layers were further studied by comparing the
surface coverage of WPI and EDA-WPI and their resistance to
displacement by surfactant Tween 20 as a function of pH. At pH 5,
the whey proteins lost their net charge and aggregated into
bigger particles. The aggregation could lead to a sharp decrease of
the exposed hydrophobic area, which would interact with the
surface of oil droplets, and the loss of electrostatic repulsion
could promote the binding of more protein from the bulk phase
to the interface. As a result, using the same amount of protein for
emulsification, significantly higher amount of the unmodified
WPI covered unit area of the surface and less surface area was
created at pH 5 than at other pH values as shown in Table 2. In
contrast, the surface concentration of EDA-WPI was low and did
not show significant difference at pH 3, 5 and 7, indicating that
EDA-WPI could adsorb more effectively onto the oil surface at
both acidic and neutral pH values. A larger amount of protein
seemed to be associated with a unit area of interface when the pH
got closer to the pI.
The rate and the extent of the protein displacement by the
surfactant were observed to be inﬂuenced by the surface load of
proteins. A higher surface concentration led to a lower degree of
displacement. At pH 3 and 7, the extent of displacement of the
unmodiﬁed WPI was very similar. Around 70% of the surface
protein was displaced by Tween 20 when the ratio of surfactant
to protein (R) was 10, and at higher surfactant concentrations
(R = 40), the surface protein was completely displaced. At pH 5,
due to a higher surface concentration of protein which would
lead to a denser protective ﬁlm and less accessibility of surface
area caused by the aggregation, only 50% of protein was displaced
at a high surfactant concentration (Figure 6a). For EDA-WPI,
since this protein was evenly distributed on the droplet surface
Figure 5. CLSM images of emulsions made of unmodiﬁed and EDA
modiﬁed WPI at pH 5. Size bar = 50 μm. Nile Red was used to stain
the oil phase = bright regions. (a) Fresh emulsion made of WPI.
(b) Emulsion made of WPI after 72 h storage. (c) Fresh emulsion made
of EDA-WPI. (d) Emulsion made of EDA-WPI after 72 h.
Figure 4. Creaming velocity of emulsions at diﬀerent pHs. The desta-
bilization of emulsions made of unmodiﬁed WPI and EDA-WPI was
studied by computing the initial creaming velocity based on the back-
scattering data that was collected from Turbiscan. (a) Creaming velocity
at the top of the emulsions. (b) Creaming velocity at the bottom of the
emulsions.
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without aggregation, the displacement of the surface protein at
acidic and neutral pH values seemed to occur in a manner similar
to that observed for the unmodiﬁedWPI emulsion at pH 3 and 7.
At the same concentration of surfactant, the further the pH
diﬀered from the pI of EDA-WPI, the more extensively the
surface protein was displaced. It was also interesting to notice
that the interfacial layer formed by the EDA modiﬁed WPI was
slightly more resistant to high concentration of surfactant than
the unmodiﬁed WPI at pH 3 and 7. Results from three replicates
consistently showed that around 10% of EDA-WPI remained at
the surface when R = 40, while the percentage of the displaced
unmodiﬁed WPI was almost 100% (Figure 6b). This could be
explained by the small portion of cross-linked EDA-WPI since
cross-linked surface protein was observed in other studies to be
more diﬃcult to displace.19
’DISCUSSION
In this work, emulsions stabilized by the EDA modiﬁed WPI
was investigated as a model in which the charge and coverage of
O/W interface could be modulated through amino acid mod-
iﬁcation. Shifting the iso-electric point of protein up to alkaline
pH values was shown to be an eﬀective way to enhance ES at
acidic and neutral pH range. Sincemost of the food emulsions are
produced in weak acidic or neutral pH range, a protein emulsiﬁer
with alkaline pI would form cationic surface layers around the
newly created oil droplets and provide strong electrostatic re-
pulsive force against droplet aggregation as long as pH remains
neutral or acidic.
The extent of EDAmodiﬁcation, either on caseins which are of
open structures or on whey proteins whose structures are
globular and more compact, was suﬃcient to alter the protein’s
pI up to about 9.5. However, in our previous study the sodium
caseinate needed to be partially succinylated prior to the EDA
modiﬁcation in order to overcome its insolubility at the optimal
pH of the modiﬁcation (pH 5), and the EDA modiﬁed sodium
caseinate was found to be extensively cross-linked during the
modiﬁcation procedure.15 In this work, WPI was directly mod-
iﬁed since the proteins were still soluble at their pI values, and the
extent of cross-linking of EDA-WPI was much better controlled
under similar reaction conditions. Despite of the partial succinylation,
sodium caseinate had a greater tendency to aggregate at pH 5 due
to its naturally high surface hydrophobicity, providing more
opportunities for a close contact between two caseinate mol-
ecules. Furthermore, the open structure of sodium caseinate
facilitated the formation of covalent bonds between amino and car-
boxyl groups, resulting in intra- or intermolecularly cross-linked
protein particles. For WPI proteins, which have more compact
globular structures and less surface hydrophobicity, self-polym-
erization would be prevented as the EDC activated carboxyl
groups may not locate in accessible positions for another protein
molecule due to the steric hindrance and structural distance. As a
result, the majority of EDA modiﬁed WPI was produced without
polymerization.
Table 1. Volume-Weighted Geometric Mean Particle Diameter d33 (μm) of EmulsionsMade ofWPI and EDA-WPI at Acidic and
Neutral pHsa
unmodiﬁed WPIb EDA-WPIb
0 h 24 h 48 h 72 h 0 h 24 h 48 h 72 h
pH 3 0.65 ( 0.05 0.63 ( 0.08 0.73 ( 0.03 0.77 ( 0.06 0.39 ( 0.02 0.39 ( 0.04 0.41 ( 0.04 0.43 ( 0.03
pH 5 13.1 ( 1.93 ND ND ND 0.48 ( 0.06 0.49 ( 0.03 0.47 ( 0.03 0.50 ( 0.07
pH 7 0.33 ( 0.03 0.42 ( 0.04 0.42 ( 0.03 0.43 ( 0.06 0.78 ( 0.08 0.85 ( 0.06 0.87 ( 0.11 0.93 ( 0.08
aND: Not determined, phase separation took place right after the pre-emulsiﬁcation process. bMean values ( standard deviation.
Table 2. Surface Coverage (mg/m2) ofWPI and EDA-WPI at
the O/W Interface As a Function of pH
unmodiﬁed WPIa EDA-WPIa
pH 3 0.25 ( 0.01 0.12 ( 0.01
pH 5 5.04 ( 0.88 0.19 ( 0.02
pH 7 0.12 ( 0.03 0.24 ( 0.01
aMean values ( standard deviation.
Figure 6. Surface protein displacement. The adsorbed WPI and EDA-
WPI on the surface of oil droplets were displaced by surfactant Tween 20
at increasing concentration. The extent of displacement of surface
protein was shown by plotting the percentage of displaced surface
protein against the surfactant-to-protein molar ratioR. (a) Displacement
of WPI at the interface. (b) Displacement of EDA-WPI at the interface.
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The EDA modiﬁed WPI, without extensive cross-linking, was
proved to strengthen the pH stability of emulsions without com-
promising its EA. A competing cross-linking reaction, depending
on the extent, could signiﬁcantly inﬂuence the emulsifying
properties of proteins. According to the literature, studies have
shown impaired EA and/or ES due to an extensive enzymatic
cross-linking treatment; while a small extent of pre-emulsiﬁcation
cross-linking was found to improve the ES against coalescence.2022
EDA modiﬁed caseinate studied in our previous work was
produced as multimers and exhibited good solubility at acidic
and neutral pH values. Nevertheless, the EA of the largely cross-
linked proteins at neutral pH was reduced most likely due to a
retarded adsorption onto droplet surface and an ineﬃcient
surface coverage. On the basis of this comparison between
EDA-caseinate and EDA-WPI, we draw the conclusion that the
studied modiﬁcation works better with protein emulsiﬁers that
have conﬁned structures. An EDA modiﬁed globular protein
would exist as a monomer with additional amino groups and has
both increased pI and a satisfactory EA.
The adsorption of protein emulsiﬁers on the oil surface is
dependent on the emulsiﬁcation pH and the conformation of
protein. According to the zeta potential result (Figure 2), the
proteins had great tendency to aggregate in the pH range around
pI ( 0.5 due to the lack of electrostatic repulsive force. These
protein aggregates could adsorb at the O/W interface in a close-
packed state with less ﬂexibility to reorganize their structure
compared to the monomer proteins. Therefore, an interface
formed in this pH region was stabilized by higher concentration
of proteins with high surface packing density. Our surface
coverage results showed correlation with another study where
β-casein was found to form a more condensed ﬁlm structure
with higher surface concentration at its isoelectric point.23 A
dense protein surface layer at the oilwater interface could
help to maintain the emulsion quality by providing stronger
steric protection against coalescence and retarding the mass
transfer of components such as oxygen and pro-oxidants
between the aqueous and oil phases. However, the poor
surface net charge in this pH range accelerated the aggregation
of droplets and eventually led to a quick phase separation. As
discussed above, cross-linking of protein emulsiﬁers to an
appropriate extent would be a good approach to strengthen
the surface protein ﬁlm without compromising the surface
charge. According to the displacement results, the small
portion of cross-linked EDA-WPI with the same surface
charge as the uncross-linked one seemed to be more resistant
to high concentration of surfactant. This result was in agree-
ment with a previous study in which partially polymerized
β-lactoglobulin was found to be more diﬃcult to displace from
the oilwater interface.24,25
The use of chemicals largely restricts the potential food
applications of the EDA modiﬁcation. However, this chemical
method could be considered when pH-dependent stability is
needed for nonfood cases. It would be also very interesting to
ﬁnd alternative biocatalytic approaches to increase the isoelectric
point of protein molecules, which would open a whole new
application area for protein based emulsiﬁers. In the future, the
oxidative stability of emulsions stabilized by EDA modiﬁed
proteins should be studied since a cationic surface layer has been
reported to repel transition metals and other positively charged
pro-oxidants away from the oil droplets and thus inhibit the lipid
oxidation which often causes quality deterioration in emulsion
products.26
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ABSTRACT: Whey protein isolate (WPI) was chemically modiﬁed by vanillic acid in order to enhance its cross-linkability by
laccase enzyme. Incorporation of methoxyphenol groups created reactive sites for laccase on the surface of the protein and improved
the eﬃciency of cross-linking. The vanillic acidmodiﬁedWPI (Van-WPI) was characterized usingMALDI-TOFmass spectrometry,
and the laccase-catalyzed cross-linking of Van-WPI was studied. Furthermore, the vanillic acid modiﬁcation was compared with the
conventional approach to improve laccase-catalyzed cross-linking by adding free phenolic compounds. A small extent of the vanillic
acid modiﬁcation signiﬁcantly improved the cross-linkability of the protein andmade it possible to avoid color formation in a system
that is free of small phenolic compounds.Moreover, the potential application of Van-WPI as emulsiﬁer and the eﬀect of cross-linking
on the stability of Van-WPI emulsion were investigated. The post-emulsiﬁcation cross-linking by laccase was proven to enhance the
storage stability of Van-WPI emulsion.
KEYWORDS: Vanillic acid modiﬁcation, cross-linkability, color formation, emulsion, stability, post-emulsiﬁcation cross-linking
’ INTRODUCTION
Whey proteins are widely utilized as food emulsiﬁers. In an oil-in-
water emulsion, whey proteins can readily adsorb onto the surface of
newly created oil droplets, forming a protective interfacial layer
between the dispersed phase and continuous phase and conse-
quently preventing coalescence as both steric and electrostatic
repulsive forces between droplets are provided. Protein-stabilized
emulsions have been extensively studied, and various approaches
have been investigated in order to improve their stability. Conditions
such as pH, temperature, protein concentration, pressure, and
addition of polysaccharides during the homogenization have been
investigated to establish an optimal protocol for the emulsiﬁcation
process.1-4 Chemical modiﬁcations such as succinylation, acet-
ylation, phosphorylation, thiolation, ethylene diamine modiﬁcation,
aswell asMaillard reactionhavebeenused to improve the emulsifying
activity and/or emulsion stability of protein emulsiﬁers.5-9
Enzymatic tailoring of proteins by, for example, hydrolysis or
cross-linking has also been attempted. Hydrolysis of proteins
could inﬂuence their emulsifying properties. The eﬀect of some
proteolytic enzymes such as pepsin, trypsin, chymotrypsin, and
plasmin on dairy protein emulsiﬁers has been investigated and
was found to be very dependent on the selection of enzymes,
optimization of the degree of hydrolysis (DH), and other conditions
of emulsiﬁcation.10-12 Another way to enhance emulsifying proper-
ties of protein is cross-linking using enzymes such as peroxidase,
tyrosinase, transglutaminase, and laccase.13-16
Enzymatic cross-linking can signiﬁcantly inﬂuence the stability
of protein-stabilized oil-in-water emulsions by changing the
structure of emulsiﬁers at the interface and/or in the continuous
phase. The eﬀect can be, however, dependent on whether the
enzymatic reaction is carried out before or after emulsiﬁcation.17
Cross-linking of protein emulsiﬁers before emulsiﬁcation gen-
erally retards the adsorption of protein onto the surface of oil
droplets and leads to a lower emulsifying activity.18 In terms of
the emulsion stability, diﬀerent eﬀects have been reported depend-
ing on the enzymes and the extent of cross-linking. Some studies
report enhanced emulsion stability (ES) explained by a stronger
steric stabilization provided by a thicker layer of protruding
branched polymer chain,18,19 while others observed weakened
emulsion stability due to the aggregation of diﬀerent oil droplets
bridged by huge protein polymers.20,21 In contrast with pre-
emulsiﬁcation cross-linking, post-emulsiﬁcation cross-linking is
believed to be a better approach when aiming at strengthening
emulsion stability. Investigations on the stability of emulsions
made of R-lactalbumin concentrate after post-emulsiﬁcation treat-
ment by transglutaminase showed improved ES due to the increase
of apparent viscosity in the continuous phase.17The same conclusion
was drawn from the study of transglutaminase-cross-linked emul-
sions made of milk proteins.22 To date, the most commonly used
enzyme in the emulsion ﬁeld is transglutaminase, but some studies
on the tyrosinase-catalyzed cross-linking of protein in gels can also
be relevant for emulsionmakers since similar forces are at stake.23
Laccases (EC 1.10.3.2) are blue copper oxidases that can catalyze
the oxidation of various aromatic substrates; in particular, diﬀerent
methoxyphenol compounds in, for example, lignin to corresponding
phenoxyl radicals. Atmospheric oxygen is used as the electon
acceptor by laccase in the oxidation reaction and a byproduct
H2O is formed.
24 The primary radical reaction products can
further react nonenzymatically, resulting in a cross-linked pro-
duct. Laccases have been reported to polymerize various com-
ponents, such as lignins and other aromatic compounds.25,26
Although laccases have been reported to be able to oxidize also
tyrosine and tyrosine containing peptides,27,28 the oxidation of
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proteins has been limited.22,29 Hence the phenolic groups in
protein do not seem to be a very good substrate for laccase-
catalyzed reactions. Laccase-catalyzed protein cross-linking has
been enhanced by addition of small phenolic compounds as
electron transfer mediators which facilitate the formation of
homo-cross-links and/or act as bridging agents in heteropolymer
structures.30,31 However, the extent of cross-linking seems to
signiﬁcantly depend on the conformation of the protein sub-
strate. Protein with ﬂexible conformation, casein, for example,
can be extensively polymerized by laccase either with high dosage
of the enzyme or in the presence of ferulic acid as mediator/
bridging agent.31 On the contrary, the cross-linking of β-lacto-
globulin or BSA which has a compact globular structure is only
occurring to a very limited extent. Also in this case, the reaction
was enhanced by addition of free phenolic acids and high dosage
of the enzyme.29,32 The oxidation and cross-linking in the presence
of these commonly used phenolic mediators/bridging agents
such as ferulic acid, chlorogenic acid, vanillic acid and caﬀeic acid
cause simultaneous color formation, which is sometimes unde-
sirable for food and other applications.
Introducing methoxyphenol side chains into a protein back-
bone would be an alternative way to improve the reactivity of
protein toward laccase instead of using free phenolic compounds
in the reaction. Inspired by lignin, the natural substrate of laccase
and abundant with methoxyphenol units, we aimed at creating a
“protein-lignin hybrid”. This was achieved by chemically in-
corporating vanillic acid (4-hydroxy-3-methoxybenzoic acid) which
is a lignin model compound and commonly used ﬂavoring agent
in the food industry with whey protein isolates (WPI) (Figure 1).
Making this type of hybrid would give interesting possibilities;
one would have diﬀerent reactive sites in the protein backbone
for diﬀerent biocatalysts to act on. Furthermore, it would give
the possibility to form composite biomaterials in which diﬀerent
biopolymers such as, for example, protein and lignin of very
diﬀerent nature are present.
The aim of this work was to covalently functionalize WPI with
vanillic acid, whereafter the reactivity of the modiﬁed protein
toward laccase was studied. Finally, the eﬀect of laccase-catalyzed
cross-linking of vanillic acid modiﬁedWPI as emulsiﬁer in an oil-
in-water emulsion system was studied.
’MATERIALS AND METHODS
Materials. Whey protein isolate, which was free of lactose (lactose
content below 0.5%) and contained a minimum dry protein content of
91%, was obtained from Lacprodan, Arla Foods Ingredients, Viby J,
Denmark. Vanillic acid was purchased from Sigma-Aldrich (purity g
97.0%), and EDC was purchased from Thermo Scientific (purity g
97.0%), Rockford, IL, USA. Sulfo-NHS was purchased from Pierce
(purity g 98.5%). Flaxseed oil was purchased from Elixi Oil Oy (Somero,
Finland), where the fatty acid content was the following: 4% 16:0, 3%
18:0, 12% 18:1, 15% 18:2, and 66% 18:3. Laccase was produced by
T. hirsuta and purified by anion exchange chromatography and hydro-
phobic interaction chromatography.33 Laccase activity toward ABTS was
determined to be 7012 nkat/mL (Aprotein concentration of 3.9mg/mL).
Modification of WPI by Vanillic Acid. The modification was
performed using a two-step reaction protocol including NHS-ester
activation followed by the amine reaction. The NHS-activated vanillic
acid was obtained by dissolving vanillic acid, EDC, and sulfo-NHS in DMF
at concentrations of 20, 2, and 2.5 mg/mL, respectively, and incubating
at room temperature overnight. Then a 10 mg/mL whey protein isolate
solution was prepared by dissolving the protein in 50 mM NaPi buffer
pH 7 and 5:1 (volume ratio) mixed with the activated vanillic acid solution.
The mixture was stirred at room temperature for 24 h. The product was
thoroughly dialyzed against sterilized water and recovered by freeze-
drying using a lyophilizer (Steris Lyovac GT 2, Germany). In order to
completely remove the residual chemical reagents, the freeze-dried
protein was dissolved in sterilized water and purified using an Econo-
Pac 10DG desalting column (BIO-RAD). The eluate was collected and
freeze-dried again. For the large-scale production of the vanillic acid
modified WPI that used as emulsifier, only dialysis was applied.
Analysis of the Extent of Modification. Matrix assisted laser
desorption ionization-time-of-flight mass spectrometry (MALDI-TOF
MS) was performed to study the extent of the modification. Sinapinic
acid was used as matrix and dissolved to saturation in a 1:1 mixture of
0.1% TFA and acetonitrile. The samples of unmodified WPI and vanillic
acid modified WPI (Van-WPI) were dissolved in distilled water and 1:1
mixed with matrix. One microliter of the mixture was spotted on the
target plate and dried in air for 10min. The analysis was conducted using
a mass spectrometer (Bruker AutoflexII, Germany).
Laccase-Catalyzed Cross-Linking. The reactivity of laccase toward
the unmodified WPI and Van-WPI was studied by measuring oxygen con-
sumption during the reaction. The enzymatic reactions were monitored with
a single-channel oxygen meter (Precision Sensing GmbH, Regensburg,
Germany) in a sealed vial (1.84 mL). Unmodified WPI and Van-WPI were
dissolved in 5 mM NaPi buffer pH 6.0 at a concentration of 3 mg/mL. The
vialwas filledwith1.82mLofprotein solution and capped. Laccase (18μL) at
a dosage of 10 nkat/mg of the modified or unmodified WPI was injected to
start the reaction. Consumption of oxygen was monitored as a function of
time. Samples containing the unmodified WPI and different concentrations
(0.02, 0.2, and 2 mM) of free vanillic acid were also tested with laccase at a
dosage of 2.5 nkat/mg of the protein as a control.
The cross-linking of WPI and Van-WPI with 2.5 and 10 nkat/mg
laccase dosage as a function of reaction time (0-24 h) was further
studied using a 12% SDS gel (BIO-RAD). The cross-linking reaction was
stopped by adding 5 μL of SDS-PAGE loading buﬀer (Tris-HCl with
β-mercaptoethanol and SDS) and 5 μL of water into 5 μL of sample and
heating at 98 C for 10 min. Each well in the SDS-PAGE gel was loaded
with 15 μL of sample.
Figure 1. Vanillic acid modiﬁed lysine site chain and subsequent
activation of the modiﬁed protein by lacasse.
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Color Formation. Color formation during the laccase reaction was
studied by adding laccase at a dosage of 2.5 nkat/mg into 3mg/mLWPI,
3 mg/mL WPI with 2 mM free vanillic acid, and 3 mg/mL Van-WPI in
5 mMNaPi buffer at pH 6.0. The absorbance at wavelength 430 nm was
followed using a HITACHI U-2000 spectrophotometer. Reading of the
NaPi buffer was set as a blank.
Preparation of O/W Emulsion and Post-Emulsification
Cross-Linking. Freeze-dried WPI and Van-WPI were solubilized in
100 mL of 5 mMNaPi buffer pH 6.0 at a protein concentration of 0.3%.
A two-step homogenization was applied to a mixture of 90% w/w protein
solutions with 10% w/w flaxseed oil. A pre-emulsion was prepared using
a stirring-type homogenizer (HeidolphDiax 900,Germany) under constant
conditions: 2  2 min at 26 000 rpm at room temperature. A pressure
homogenizer (Microfluidics M-110Y, Newton, MA, USA) was used to
perform themain emulsification at 20 C and 40 psig (500 bar). The pre-
emulsion (100mL)was circulated in the homogenizer for 10min, during
which it passes through the chamber 30 times. After the emulsification,
20 uL of laccase was added to a 20mL aliquot of the emulsionmade at pH
6 (2.5 nkat/mg) and incubated at room temperature for 24 h. Sodium
azide (0.02 wt %) was added to the emulsions to stop the laccase reaction
and prevent microbial growth. Emulsions without laccase were also
prepared as a control. For emulsifying activity study, the emulsions were
also prepared at different pH values by adjusting the pH of protein
solutions to pH 5, 6, and 7 using 1 M HCl and 1 M NaOH.
Analysis of Emulsion Properties. Particle size distribution of
emulsions with and without laccase was measured by laser diffraction
(Beckman Coulter LS230, Brea, CA). The measurement was conducted
in an optical model with fluid refractive index 1.33 and, sample refractive
index 1.46. The pH of Milli Q water was adjusted to the same value as
emulsion samples using 0.1 M HCl and 0.1 M NaOH and used as the
measuring media. As an indicative parameter of the emulsifying activity
of the proteins, the volume-weighted geometric mean particle diameter
was determined from the particle size distribution of two batches of fresh
emulsions. Two measurements were taken for each batch. For the
storage stability study, samples were consistently taken from the top part
of each emulsion at 0, 24, and 72 h. Three repeats were performed to
confirm the trend of the change of particle size during storage.
The emulsions were also visualized using confocal laser scanning
microscopy (CLSM) equipment consisting of a Bio-Rad Radiance Plus
confocal scanning system (Bio-Rad, Hemel Hempstead, Hertfordshire,
U.K.) attached to a Nikon Eclipse E600 microscope (Nikon Corp., Tokyo,
Japan). For imaging, lipids were stained by adding 10 μL of 0.05% (w/v)
Nile red in acetone into 1 mL of emulsion. Stained emulsions were
examined in 1 mm deep wells on a microscope slide using a 488 nm
argon laser line for excitation and a band-pass emission ﬁlter at 575-625
nm. Images were assembled of the optical sections taken using a 20
objective (Nikon Plan Apo, numerical aperture 0.75) to the depth of 2 μm
with 0.5 μm z step. The stained oil droplets appeared bright. Multiple
ﬁelds were viewed, and representative images were selected.
’RESULTS
Modification of WPI by Vanillic Acid. An NHS-ester activa-
tion of vanillic acid followed by a reaction with the lysine amine
group was used to modify reactive lysine side chains in WPI.
Incorporation of the methoxyphenol groups into the protein
through formation of an amide bond leads theoretically to a
150.15 Da mass increase of each reacted lysine residue in WPI.
Analysis of the precise molecular mass of unmodified and modified
WPI byMALDI-TOFMS was used to confirm the occurrence of
the reaction described above and to measure the extent of the
modification (Figure 2). Two protein peaks were detected in
the mass spectrum of unmodified WPI corresponding to R-lactal-
bumin (Mw 14118 Da) and β-lactoglobulin (Mw 18481 Da).
The modified WPI (Van-WPI) had two similar peaks, but with
higher molecular masses, that is, 14 557 and 18 798Da as compared
to the unmodified WPI. From the spectra, it can be seen that
R-lactalbumin seemed to bemore prone to the vanillic acidmodi-
fication since a larger increase in molecular mass was detected
compared to the modified β-lactoglobulin. The average number
of lysine residues that were modified was calculated by dividing
the difference between the molecular mass of WPI and Van-WPI
by the mass of vanillic acid. According to this calculation, on
average 2.9 of 12 lysine residues in R-lactalbumin and 2.1 of 16
lysine residues in β-lactoglobulin were modified by vanillic acid.
Laccase-Catalyzed Cross-Linking of Vanillic AcidModified
WPI. Vanillic acid modified WPI contains methoxyphenol side
groups that are reactive toward laccase and therefore is expected
to have an improved cross-linkability compared to the unmodified
WPI. The reactivity of Van-WPI with laccases was studied using
oxygen consumptionmeasurement andSDS-PAGEelectrophoreses.
Figure 2. MALDI-TOF mass spectra of the modiﬁed WPI. (a) Un-
modiﬁedR-lactalbumin withmolecular mass 14 118Da; (b) unmodiﬁed
β-lactoglobulin with molecular mass 18 481 Da; (A) vanillic acid
modiﬁed R-lactalbumin with molecular mass 14 557 Da; (B) vanillic
acid modiﬁed β-lactoglobulin with molecular mass 18 798 Da.
Figure 3. Oxygen consumption measurement of laccase reaction of
unmodiﬁed WPI with free vanillic acid and modiﬁed WPI. 2.5 nkat/mg
laccase was added intoWPI with 2 mM (0), 0.2 mM (]), and 0.02 mM
(O) free vanillic acid and 10 nkat/mg laccase was added into WPI alone
(4) and Van-WPI (2).
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The conventional approach to improve cross-linking by adding
free phenolic compound to the unmodified protein was used as a
comparison.
Oxygen consumption measurements were performed to study
the radical formation stage of the laccase-catalyzed cross-linking
reaction (Figure 3). For the samples containing unmodiﬁedWPI
and free vanillic acid, an increasing amount of oxygen was
consumed depending on the concentration of vanillic acid: in
the presence of 2 mM vanillic acid, all the oxygen in the reaction
vial was consumed in 10 min, 47% of oxygen was consumed in
the sample with 0.2 mM vanillic acid, and for a mixture with 0.02
mMvanillic acid only 3% oxygenwas consumed in the same time.
The unmodiﬁed WPI solution without addition of free vanillic
acid did not show consumption of oxygen although the reaction
was carried out with a higher laccase dosage of 10 nkat/mg for a
longer time. The oxidation of Van-WPI was limited when 2.5
nkat/mg laccase was used (data not shown). When a higher
dosage of 10 nkat/mg laccase was used, about 29% of the oxygen
in the vial was consumed within 50 min.
The extent of laccase-catalyzed cross-linking of Van-WPI was
studied using SDS-PAGE electrophoresis (Figure 4). Unmodi-
ﬁed WPI, a mixture of WPI and free vanillic acid, and Van-WPI
were treated with diﬀerent dosages of laccase and monitored for
diﬀerent times. The eﬃciency of cross-linking of unmodiﬁed
WPI was very low: a little increase of intensity of dimers of the
unmodiﬁedR-lactalbumin and β-lactoglobulin at molecular mass
around 29.4 kDa and 37.7 kDa was observed, indicating a slight
cross-linking of the unmodiﬁedWPI by laccase after 24 h (lane 7,
panel a). Addition of free vanillic acid improved the cross-linking
to a small extent as slightly more dimers of R-lactalbumin and
β-lactoglobulin were formed (lanes 4-7, panel b). However, most
of the unmodiﬁed WPI stayed non-cross-linked, and increasing
the enzyme dosage barely improved the cross-linking (panels d
and e). In contrast, at an enzyme dosage of 2.5 nkat/mg, the
majority of vanillic acid modiﬁed R-lactalbumin was cross-linked
after 2 h as can be seen from lane 3 in panel c. Vanillic acid
modiﬁed β-lactoglobulin took a longer time to be cross-linked.
A decrease of intensity of the band of vanillic acid modiﬁed
β-lactoglobulin was observed, although uncross-linked monomers
still could be detected after 24 h. Themolecularmass of the cross-
linked proteins increased with duration of the reaction, ranging
from 29 kDa to over 206 kDa as was detected in the top of each
lane (panel c). At a higher dosage of laccase, the cross-linking of
the Van-WPI was greatly accelerated (panel f). After 30 min, almost
all the vanillic acid modiﬁed R-lactalbumin and nearly half of the
modiﬁed β-lactoglobulin was already heavily cross-linked. With a
longer reaction time, after 4 h most of the Van-WPI was extensively
cross-linked, assembling at the top of the lane (lane 7, panel f).
The SDS-PAGE gel and oxygen consumption results suggested
that the method to improve the cross-linking by adding free
Figure 4. SDS-PAGE of the unmodiﬁed and modiﬁed WPI after laccase reaction. The cross-linking of WPI and vanillic acid modiﬁed WPI (Van-WPI)
was performed at a laccase dosage of 2.5 nkat/mg (a-c) and 10 nkat/mg (d-f). (a)WPI with 2.5 nkat/mg laccase; (b)WPI with 2mM free vanillic acid
and 2.5 nkat/mg laccase; (c) Van-WPI with 2.5 nkat/mg laccase. (a-c) lane 1, prestained SDS-PAGE standard proteins of 206.3, 118.1, 97.3, 54.8, 37.7,
29.4, 17.5, and 6.7 kDa (BIO-RAD); lane 2, cross-linked sample at 0 h; lane 3, cross-linked sample at 2 h; lane 4, cross-linked sample at 4 h; lane 5, cross-
linked sample at 8 h; lane 6, cross-linked sample at 12 h; lane 7, cross-linked sample at 24 h. (d) WPI with 10 nkat/mg laccase; (e) WPI with 2 mM free
vanillic acid and 10 nkat/mg laccase; (f) Van-WPI with 10 nkat/mg laccase. (d-f) lane 1, cross-linked sample at 0 h; lane 2, cross-linked sample at 10
min; lane 3, cross-linked sample at 20min; lane 4, cross-linked sample at 30min; lane 5, cross-linked sample at 1 h; lane 6, cross-linked sample at 2 h; lane
7, cross-linked sample at 4 h; lane 8, cross-linked sample at 12 h.
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vanillic acid made a quick oxidation of the free phenolic
compounds by laccase, while the nonenzymatic reaction during
which the free radicals mediated the cross-linking of the protein
was much delayed as it took a long time for the free radicals to
reach the tyrosine residues inside the protein structure, and the
radicals formed in unmodiﬁedWPI may not be able to react with
radicals in other molecules due to steric hindrance. The major
reaction occurred in this “vanillic acid mediated” system was the
oxidation and self-polymerization of vanillic acid, which proved
by the change in color (Figure 5). In comparison, the polymer-
ization of Van-WPI was proved to occur simultaneously with the
radical formation as a small amount of the Van-WPI was already
cross-linked during the ﬁrst 10 min, and by the end of the radical
formation stage the Van-WPI was extensively polymerized
(Figures 3 and 4).
Color Formation during the Cross-Linking Reaction. The
color formation during the laccase reactions with unmodified and
modified WPI was studied, and the results are shown in Figure 5.
A mixture of 3 mg/mL unmodified WPI and 2 mM vanillic acid
had a very slight orange color when free vanillic acid was dissolved,
while the other two samples without the free vanillic acid stayed
colorless. Treated with laccase, a strong orange color was formed
within 15min in themixture ofWPI and vanillic acid which could
be monitored as a strong absorbance increase at wavelength
of 430 nm. No color formation was observed inWPI or Van-WPI
after laccase treatment, and the absorbance remained below
0.1 within 2 h.
Effect of the Cross-Linking on the Emulsifying Properties
of Van-WPI. The volume-weighted geometric mean particle
diameter of freshly made emulsions was determined as an
indication of emulsifying activity of WPI and Van-WPI. For
both the unmodified WPI and Van-WPI, better emulsifying
activity was found with increasing pH (Table 1). The emulsifying
activity of the unmodified WPI was slightly better than that
of modified WPI at pH 6 and pH 7, resulting in a smaller
mean particle size. At pH 5, the unmodified WPI could not be
emulsified as the oil and water phases separated immediately
after the stirring type homogenization. The vanillic acid modified
WPI showed an improved emulsifying activity over the unmodified
WPI at pH 5. In theory, the vanillic acid modification changes
the isoelectric point (pI) of WPI, since positively charged
lysine residues are converted into neutral side groups. The pI
of Van-WPI was not significantly changed; the pI of the
vanillic acid modified R-lactalbumin was shifted from 4.9 to
4.6 and from 4.9 to 4.8 for β-lactoglobulin according to the
method of pI calculation described by Ma et al.8 This small
decrease of pI could explain the slightly improved emulsify-
ing activity of Van-WPI at pH 5.
The eﬀect of post-emulsiﬁcation cross-linking on the stability
of emulsions was studied by comparing the particle size distribu-
tion before and after the laccase treatment. Since addition of free
vanillic acid caused collapse of emulsions (data not shown) and it
did not make signiﬁcant improvement of cross-linking (Figure 4),
the unmodiﬁedWPI emulsion was prepared without vanillic acid
and compared with the Van-WPI emulsion for the emulsion
stability study.
The laccase-catalyzed post-emulsiﬁcation cross-linking was
performed on emulsions made of WPI and Van-WPI at pH 6,
and an improved shelf life was observed for the cross-linked
emulsion of Van-WPI (Figure 6). For the emulsionmade ofWPI,
62.8% of the particles had a diameter of less than 1 μm, and the
presence of relatively larger particles from 1 to 28.7 μm was also
detected. Laccase treatment for 24 h did not improve emulsion
stability, and probably due to the addition of enzyme the laccase
treated emulsion of WPI was shown to be slightly less stable than
the one without enzyme treatment. The volume-weighted geo-
metric mean particle diameter of a fresh WPI emulsion was
0.84 μm, and after 72 h the particle size signiﬁcantly increased to
1.54 μm for the emulsion without laccase and 2.11 μm for the
laccase treated one (panels a and b, Figure 6). The fresh emulsion
made of Van-WPI contained 43.2% of particles less than 1 μm
and the larger particles ranged from 1 to 4.4 μm. The average
particle size of the fresh emulsion was determined to be 1.02 μm.
Without treatment with laccase, the average particle size of the
Van-WPI emulsion increased to 1.37 μm and a small peak was
observed from the particle distribution curve, representing the
generation of large particles sized from 10 to 37.9 μm during
storage. The laccase treated emulsion of Van-WPI exhibited the
best stability among all the samples. The mean particle diameter
increased from 1.02 to 1.05 μm after 72 h. Despite the fact that a
small amount (0.8%) of particles that were less than 1 μm had
become slightly larger during the storage, the overall particle size
stayedwithin the range from 0.1 to 4.8 μm, and no larger particles
were observed (panels c and d, Figure 6).
The increased particle size suggested the aggregation of oil
droplets in the non-cross-linked emulsions. Confocal microscopy
was used to get a direct vision of droplet behavior. For fresh
emulsions made of both unmodiﬁed and modiﬁed WPI, the oil
droplets were homogeneously distributed and the diameter of
most of the oil droplets was less than 1 μm despite the presence
of a small number of bigger droplets (panels a and d, Figure 7).
Coalescence was found to occur during the storage of emulsions
without cross-linking as large oil droplets were detected after 72 h
Figure 5. Color formation during the laccase reaction. 2.5 nkat/mg
laccase was added into WPI (0), a mixture containing WPI and 2 mM
free vanillic acid (4), and Van-WPI(2). The color formation was
followed by plotting the absorbance at wavelength 430 nm against time.
Table 1. Emulsifying Activity of WPI and Van-WPI at
Diﬀerent pH Values by Measuring the Mean Particle
Diameter from Volume Distributiona
pH 5 pH 6 pH 7
WPI (μm) ND 0.84( 0.07 0.72( 0.13
Van-WPI (μm) 3.1 ( 0.4 1.0( 0.0 0.93( 0.12
aND: Not determined; phase separation took place right after the pre-
emulsiﬁcation process.
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(panels b, c, and e, Figure 7). Due to stronger attractive interac-
tion, the droplet concentration around these large particles was
higher than other regions with smaller droplets. For the laccase-
treated Van-WPI emulsion, the droplets stayed almost the same
size as in the fresh sample, indicating better storage stability against
coalescence. The emulsion droplets were homogeneously distributed,
and no concentration eﬀect indicating ﬂocculation as observed
for the non-cross-linked samples was found (panel f, Figure 7).
The increased particle size in the non-cross-linked emulsions
signiﬁcantly accelerated the creaming of droplets. As a result of
this, clariﬁcation was visually observed at the bottom of these
samples and the large oil droplets on the top eventually merged
together into a separate oil layer with light yellow color (Figure 8).
’DISCUSSION
Laccase Catalyzed Cross-Link Formation. The exact me-
chanism of laccase-catalyzed cross-linking of proteins is not
completely understood so far. The only known mechanism is
that cross-linking of tyrosine-containing proteins or peptides is
primarily based on formation of isodityrosine bonds, with a small
amount of dityrosine and disulfide bonds. Isodityrosine bonds
are formed between hydroxyl and tyrosyl radicals that are located
in different protein molecules; therefore, the accessibility of
tyrosine residues in protein is expected to be very important
for its susceptibility to a laccase-catalyzed reaction.27,34 Actually,
tyrosine alone or in short peptides can be directly oxidized by
laccase with subsequent formation of cross-links,27 while in
proteins that have a compact structure internal tyrosine residues
may not be directly accessible for the enzyme. Phenolic acids,
being small molecules that can easily interact with both the
enzyme and the protein substrates, are able to enhance the cross-
linking either by transferring electrons to protein which can be
cross-linked via radical reactions or by directly bridging the
connection between two tyrosine residues from protein.
The modiﬁed WPI could be eﬃciently cross-linked by laccase,
whereas when free vanillic acid was used with the unmodiﬁed
WPI; the main reaction seemed to be polymerization of vanillic
acid by itself. The vanillic acid mediated the cross-linking
reaction by transferring electrons and creating reactive radicals
in the protein. It is also possible that some vanillic acid was
incorporated into the cross-linked protein. The role of phenolic
acid as a bridging agent in cross-linking had been proved by
Mattinen et al.27 Another study on laccase-catalyzed cross-linking of
β-lactoglobulin with ferulic acid speculated the incorporation of
ferulic acid in the cross-linked structure.29 The introduction of
Figure 6. Eﬀect of cross-linking on particle size distribution of emulsions. The particle size distribution of freshly made emulsions and emulsions stored
at room temperature wasmeasured after 24 and 72 h storage. The volume-weighted geometic mean particle diameter (d33) was calculated. (a) Emulsion
made of the unmodiﬁedWPI without laccase treatment; (b) laccase-treated emulsion made of the unmodiﬁedWPI; (c) emulsion made of the Van-WPI
without laccase treatment; (d) laccase-treated emulsion made of the Van-WPI. The experiment was repeated three times. The standard deviation of the
particle diameter of the fresh emulsions was less than 10% of the mean value and around 20% for the aged emulsions. However, the trend of size change
was consistent.
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methoxyphenol groups onto the protein surface enhanced the
laccase-catalyzed cross-linking reaction. These introduced meth-
oxyphenol groups on the protein surface seem therefore to be
accessible for laccase. Using this system, it became possible to
perform the cross-linking reaction in a “phenolic-compound-
free” system where the laccase enzyme seems to work directly on
the protein; both the enzymatic oxidation reaction indicative for
radical formation and the subsequent nonenzymatic cross-link-
ing could be monitored.
The interaction of laccase with vanillic acid modiﬁed WPI is
also interesting from a laccase substrate binding pocket architecture
perspective and its natural ability to oxidize polymeric phenol
containing substates. Recently determined complex structures
with a methoxy phenol compound bound in the substrate binding
pocket and modeling studies show that the active site in laccases
is a relatively hydrophobic cavity whose size and shape seem to
vary, when laccases of diﬀerent origins are compared.35,36 From
these studies, it can be seen that the para-position of the benzene
ring relative to the phenolic hydroxyl group seems to be facing
toward the solution. The orientation makes interactions with
methoxyphenol groups incorporated in a polymeric structure
such as lignin feasible. The interaction of laccase with an artiﬁcial
methoxyphenol containing polymer observed in this study sup-
ports these structural observations.
The two major components of WPI, R-lactalbumin and
β-lactoglobulin, have diﬀerent reactivity toward the laccase
Figure 7. CLSM images of emulsionsmade of the unmodiﬁed andmodiﬁedWPIwith or without laccase treatment. Size bar = 20 μm.Nile Red was used
to stain the oil phase = bright regions. (a-c) Diﬀerent emulsions made from WPI; (d-f) diﬀerent emulsions made from Van-WPI.
Figure 8. Visual observation of aged emulsions. The emulsion samples were stored at room temperature for 1 week. Clariﬁcation and creaming were
observed, respectively, from the bottom and the top of tubes.
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enzyme. R-Lactalbumin has been reported to be relatively more
susceptible to laccase although the extent of cross-linking is
still very limited.32 The vanillic acid modiﬁcation improved the
reactivity of both R-lactalbumin and β-lactoglobulin. The vanillic
acid modiﬁed R-lactalbumin was the preferred substrate and
thoroughly cross-linked by a low dosage of laccase, while a higher
dose of the enzyme was needed for extensive cross-linking of the
vanillic acid modiﬁed β-lactoglobulin.
The conventional way of using free phenolic acids as medi-
ator/bridging agents usually leads to a colored product due to
the formation of quinone components in the laccase-catalyzed
oxidation reaction. Color formation by laccase-catalyzed oxida-
tion of phenolic compounds has already been utilized to synthe-
size colorants.37 However, in cases where phenolic compounds are
present to serve the purpose of cross-linking of protein, a colored
byproduct might be regarded as an undesirable side eﬀect. So far,
most of the relevant studies were based on a phenolic-acid-aided
system in order to make laccase work on proteins, and color
formation seemed to be inevitable in such a system. The
vanillic acid modiﬁcation of WPI facilitated the laccase-catalyzed
cross-linking by directly creating sites for phenoxy radical forma-
tion in the protein. The protein-bound radical polymerization
resulted in noncolored product. This could broaden the use of
laccase in cross-linking applications where color formation is
unwanted.
Emulsifying Properties of Van-WPI. The observed improve-
ment of stability of the laccase-treated Van-WPI emulsion would
be mainly due to the enhancement of interfacial viscoelastic
properties. Cross-linking between the adsorbed protein and free
protein molecules in the water phase could increase the length
and thickness of the protein layer on the droplet surface and
therefore provide stronger steric repulsive force against coales-
cence in collision. On the other hand, the cross-linking between
proteins in the continuous phase may play a role in preventing
the emulsion sample from creaming. Previous literature had
reported the effect of cross-linking on viscosity of high concen-
tration protein solution.32 In an emulsion system with high protein
content, the extensively cross-linked proteins are expected to
form a network that decreases the rate of upward movement of
oil droplets and thus slows down the creaming process. In our
study where the protein concentration was relatively low,
although the cross-linked Van-WPI in the continuous phase
could not be enough to form a well-shaped network, a further
extended protein structure may also increase of viscosity to some
extent and limit the movement of oil droplets better than non-
cross-linked proteins.
It is theoretically possible that the cross-links can also be formed
between proteins that are adsorbed on adjacent oil droplets,
resulting in ﬂocculation. The eﬀect of cross-linking on emulsion
stability is largely dependent on the extent of the reaction and the
conformation of the cross-linked proteins. Huge extended pro-
tein polymers formed by a large extent of cross-linking could
impair the stability of emulsions by facilitating droplet aggrega-
tion while a proper extent of cross-linking could enhance the
emulsion stability. In our study where a complex of oligomerized
proteins with diﬀerent extents of cross-linking was formed (panel c,
Figure 4), ﬂocculation or coalescence was not observed in
the cross-linked Van-WPI emulsion according to the particle
size distribution and confocal microscopy results. Hinz et al.
reported that pasteurized cream samples which had high fat
content (380 g/L) were treated with transglutaminase and
the particle size was stable after the cross-linking reaction despite
the condensed system where the distance between oil droplets
was closer than in ours.38 Based on the agreement between these
two studies, we assumed that the cross-linking did not occur
between droplets but between free proteins in the water phase or
free proteins and adsorbed proteins. Actually, Færgemand et al.
also speculated that the cross-linking enzyme may work
more eﬀectively on nonadsorbed protein substrates.39 A possible
explanation for this could be the electrostatic repulsion
between droplets or the adsorption of proteins onto the oil
surface hampered their mobility and ﬂexibility for inter-
particle cross-linking. For future study, it would be worthwhile
to investigate the viscosity of the continuous phase and
the thickness of the adsorbed protein layer after cross-linking
treatment.
Potential Applications of the Vanillic Acid Modification.
Laccase has drawn much attention nowadays due to its capability
to activate and modify lignin, polymerize sugar beet pectin, or
arabinoxylan via their ferulic acid moieties.40 However, the cross-
linking application of laccase is affected by the accessibility of
phenolic moieties in these raw materials; for example, in lignin
the reactive sites are only partially accessible toward laccase.
Especially for protein substrates which do not naturally contain
many phenolic groups, the efficiency of laccase-catalyzed cross-
linking is very limited. In our study, the cross-linkability of protein
substrate was enhanced by the vanillic acid modification which in
a sense created a “protein-lignin hybrid”. This could expand the
utilization of laccase in the field of modification of renewable
biopolymers and open ways to create new applications which
consist of combinations of different renewable biopolymers.
Vanillic acid modified proteins may thus become an interesting
starting material for production of complex polymers for various
purposes.
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Transglutaminase Catalyzed Cross-Linking of Sodium Caseinate
Improves Oxidative Stability of Flaxseed Oil Emulsion
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ABSTRACT: Sodium caseinate was modiﬁed by transglutaminase catalyzed cross-linking reaction prior to the emulsiﬁcation
process in order to study the eﬀect of cross-linking on the oxidative stability of protein stabilized emulsions. The extent of the
cross-linking catalyzed by diﬀerent dosages of transglutaminase was investigated by following the ammonia production during the
reaction and using SDS−PAGE gel. O/W emulsions prepared with the cross-linked and non-cross-linked sodium caseinates were
stored for 30 days under the same conditions. Peroxide value measurement, oxygen consumption measurement, and headspace
gas chromatography analysis were used to study the oxidative stability of the emulsions. The emulsion made of the cross-linked
sodium caseinate showed an improved oxidative stability with reduced formation of fatty acid hydroperoxides and volatiles and a
longer period of low rate oxygen consumption. The improving eﬀect of transglutaminase catalyzed cross-linking could be most
likely attributed to the enhanced physical stability of the interfacial protein layer against competitive adsorption by oil oxidation
products.
KEYWORDS: Sodium caseinate, transglutaminase, cross-linking, emulsion, oxidative stability
■ INTRODUCTION
Oxidative stability is an important quality parameter in food
emulsions especially in products containing unsaturated fatty
acids. Lipid oxidation involves complex radical chain reactions
between lipids and oxygen-active species and develops a
number of adverse eﬀects on the aroma, ﬂavor, and nutritional
value of emulsions.1 The oxidative stability of an emulsion is
dependent on the availability and interaction between reactants:
lipids, oxygen, and pro- and antioxidants.2 Some approaches
have been attempted to decrease the oxidative susceptibility
and/or to enhance the antioxidant properties of the continuous
phase of emulsions, for example, by excluding oxygen from the
system, chelating transition metals, or adding antioxidants.3−5
In the case of a protein stabilized emulsion, the lipid oxidation
may be retarded by reinforcing the interfacial protein layer
between the oil and the continuous phase against the transfer of
oxygen and oxidation products. It has been hypothesized that
properties of the interfacial layer such as compactness,
thickness, and interfacial rheology are key in inﬂuencing the
rate of mass transfer to and from the dispersed phase of an
emulsion.6 Emulsion with a thicker interfacial layer of surfactant
or protein has been proven to have enhanced oxidative
stability.7,8
Supply of oxygen may become a limiting factor for the overall
oxidation rate. Assuming an eﬃcient transfer of oxygen from
the gas to the aqueous phase of the emulsion and a rapid
consumption of oxygen in the oil phase in the case of
polyunsaturated fatty acids which result in an oxygen gradient
across the interface, the diﬀusion across the layer controls the
reaction rate. Real interfacial layers can be mono- or
multilayers, but nevertheless, they are very thin. The Fickian
diﬀusion model may not be applicable if the size of the
permeant is similar to ﬁlm thickness.9 Yet Fickian diﬀusion has
been used to model gas transfer across multilayer interfaces.10
The system of the present study is further complicated by the
viscoelastic nature of the protein layer. In a homogeneous
liquid medium, translational diﬀusion coeﬃcient of solubles is
aﬀected by the viscosity of the medium described by the
Stokes−Einstein relationship.11
The other factors that may aﬀect oxidation are the natural
antioxidant activity of the interface forming proteins and
electrical charge of the interface.12,13 Proteins are able to
inactivate reactive oxygen species, scavenge free radicals, and
chelate transition metals with their histidine, glutamic acid,
aspartic acid, and phosphorylated serine and threonine
residues.12 Further on, an electrical charge of the interfacial
proteins can inﬂuence the aﬃnity of positively charged
transition metals to the oil phase. A positively charged interface
was found to induce less oxidation because of the electrostatic
repulsion between transition metals and the droplet surface.13
Transglutaminase introduces inter- or intramolecular cross-
links in proteins by catalyzing the acyl transfer reaction between
a γ-carboxyamide group of glutamine residues and a ε-amino
group of lysine residues.14 The eﬀect of transglutaminase
catalyzed cross-linking on the viscoelastic properties of the
interface and on the physical stability of emulsions has been
studied earlier,15−17 but not much information on its eﬀect on
oxidative stability is available. Kellerby et al studied the eﬀect of
transglutaminase catalyzed cross-linking on lipid oxidation in a
sodium caseinate stabilized emulsion.2 The postemulsiﬁcation
cross-linking was found to take place mainly between the
Received: March 20, 2012
Revised: May 29, 2012
Accepted: June 1, 2012
Published: June 1, 2012
Article
pubs.acs.org/JAFC
© 2012 American Chemical Society 6223 dx.doi.org/10.1021/jf301166j | J. Agric. Food Chem. 2012, 60, 6223−6229
adsorbed proteins, resulting in a more cohesive interfacial ﬁlm
as indicated by reduced displacement of the cross-linked
interfacial proteins by Tween 20. However, no improvement of
oxidative stability was found during the storage for 10 days. For
extremely oxygen-sensitive polyunsaturated fatty acids, post-
emulsiﬁcation cross-linking might not be fast enough to retard
lipid oxidation, since the oxidation could have deteriorated the
oil before any cross-linked interface is formed. Cross-linking
before emulsiﬁcation process could increase both the thickness
and the cohesiveness of the interfacial protein layer. Therefore,
we assumed that pre-emulsiﬁcation cross-linking stands a better
chance to inhibit lipid oxidation in emulsions.
The aim of this work is to study the possibility of improving
the oxidative stability of protein stabilized O/W emulsions by
applying a pre-emulsiﬁcation cross-linking with transglutami-
nase and whether the possible diﬀerences in reaction rates can
be linked with oxygen consumption and thus oxygen transfer
across the interface. Sodium caseinate, which is known to be
reactive toward transglutaminase,18 was used as the emulsiﬁer
in this study.
■ MATERIALS AND METHODS
Materials. Sodium caseinate was obtained from KasLink Foods
(Finland) (protein 94%, lactose 0.1%, fat 1%, ash 3.5%), and ﬂaxseed
oil was purchased from Elixi Oil Oy (Somero, Finland), where the
fatty acid content was the following: 4% 16:0, 3% 18:0, 12% 18:1, 15%
18:2, and 66% 18:3. Microbial transglutaminase Activa MP (TGase)
was purchased from Ajinomoto (Japan) and was further puriﬁed as
described by Lantto et al.19 The activity of the enzyme was determined
by colorimetric hydroxymate method.20
Cross-Linking of Sodium Caseinate. The cross-linking of
sodium caseinate was performed prior to emulsiﬁcation. Sodium
caseinate was solubilized in boiling Milli-Q water at a protein
concentration of 1%, and the temperature of the solution was cooled
to room temperature. The pH was adjusted to 7 using 1.0 M NaOH
and 1.0 M HCl. Transglutaminase at dosage of 0, 50, 100, 500 nkat/g
sodium caseinate was added after the protein was well dissolved. The
samples were incubated at room temperature with mild agitation
overnight, and then the transglutaminase was deactivated by heating at
90 °C for 10 min. The control sample without transglutaminase was
subjected to the same thermal treatment.
Analysis of the Extent of Cross-Linking. Ammonia production
was measured using a kit (R-Biopharm AG). The ammonia that was
released from the transglutaminase catalyzed reactions reacted with 2-
oxoglutarate to form L-glutamate in the presence of glutamate
dehydrogenase (GIDH) and reduced nicotinamide dinucleotide
(NADH), whereby NADH was oxidized and was determined by its
light absorbance at 340 nm after exactly 20 min of reaction. Two
replicates were made for each sample. The cross-linking of sodium
caseinate with diﬀerent dosage of transglutaminase was further studied
using a 12% SDS gel (BIO-RAD). A mixture with 5 μL of SDS−PAGE
loading buﬀer (Tris-HCl with β-mercaptoethanol and SDS), 5 μL of
water, and 5 μL of sample was heated at 98 °C for 10 min and then
loaded into each well.
Preparation of O/W Emulsion. The pH of each sample after the
enzyme treatment was readjusted to 7 using 1.0 M NaOH and 1.0 M
HCl. Then 90% w/w protein solutions were homogenized with 10%
w/w ﬂaxseed oil in two steps. A pre-emulsion was prepared using a
stirring-type homogenizer (Heidolph Diax 900, Germany) under
constant conditions: 2 times, 2 min at 26 000 rpm at room
temperature. The main emulsiﬁcation was performed by loading 110
mL of pre-emulsion into a pressure homogenizer (MicroﬂuidicsM-
110Y, U.S.) at 0 °C and 40 psig (500 bar). The pre-emulsion was
circulated in the homogenizer for 10 min, during which it passes
through the chamber 30 times. Sodium azide (0.02 wt %) was added
to the emulsions to prevent microbial growth. Immediately after the
emulsiﬁcation process, 100 mL of emulsion was transferred into a 1 L
glass bottle and stored in the dark at room temperature with stirring at
300 rpm.
Particle Size Determination. Particle size distribution of the
emulsions was measured by laser diﬀraction (Beckman Coulter LS230,
CA). After 0, 5, 10, 15, 20, 25, and 30 days of storage, 1 mL of
emulsion sample was transferred into an Eppendorf tube and brieﬂy
vortexed before each measurement. The measurement was conducted
in an optical model with ﬂuid refractive index 1.33 and the sample
refractive index 1.46. The pH of Milli-Q water was adjusted to 7 using
0.1 M HCl and 0.1 M NaOH and used as the measuring medium. The
volume-surface mean particle diameter (d32) was determined from the
particle size distribution of three batches of emulsions. Two
measurements of particle size distribution were conducted from each
batch.
Peroxide Value Determination. Peroxide value (POV) was
determined spectrophotometrically according to IDF standard
74A:1991. Emulsion (0.3 g) was added to 9.6 mL of chloroform/
methanol (7:3) mixture. For color formation, 50 μL of both iron(II)
chloride and ammonium thiocyanate solutions were added. The
sample was brieﬂy vortexed, reacted in the dark for exactly 5 min, and
measured at a wavelength of 500 nm. The experiment was repeated
three times.
Headspace Analysis. Fresh emulsion samples (2 mL) were
transferred into special 6 mL headspace vials and sealed with silicone
rubber Teﬂon caps with a crimper. The samples were stored in the
dark at room temperature with stirring at 300 rpm. The products of
lipid oxidation in emulsions stored for 0, 6, 12, 18, 24, and 30 days
were analyzed using static headspace gas chromatography (Autosystem
XL gas chromatograph equipped with an HS40XL headspace sampler,
Perkin-Elmer, Shelton, CT; column NB-54, Nordion) according to the
method of Frankel et al. with slight modiﬁcations.5 The emulsions
were heated at 80 °C for 30 min. The oven temperature was set to 60
°C, and the run time was 10 min. The analysis was carried out based
on the results obtained from three replicates of each emulsion sample.
Oxygen Consumption Measurement. Lipid oxidation in
emulsions was studied by monitoring the oxygen consumption in a
sealed vial with a single-channel oxygen meter (Precision Sensing
GmbH, Regensburg, Germany). The vial (1.84 mL) with a small
magnet stirrer at the bottom was completely ﬁlled with emulsions after
0, 5, 10, 15, 20, 25, and 30 days of storage and capped. The stirring
speed during the measurement was 100 rpm. Consumption of the
oxygen was monitored at 5 min intervals for 24 h. The consumed
oxygen was plotted against time, and the rate of oxygen consumption
was calculated as the slope of the linear part of each plot. The unit was
presented in millimole of oxygen consumed in 1 L of emulsions per
day. The experiment was repeated three times.
■ RESULTS
Cross-Linking of Sodium Caseinate by Transglutami-
nase. The transglutaminase catalyzed reaction results in
formation of ε-(γ-glutamyl)lysine cross-link with concomitant
release of ammonia.14 Sodium caseinate was treated with 0−
500 nkat TG/g caseinate, and the amount of the produced
ammonia was monitored spectrometrically (Figure 1). The
extent of cross-linking reaction, as indicated by the ammonia
production, increased with increasing dosage of transglutami-
nase and was the highest when 500 nkat/g transglutaminase
was applied.
The cross-linked proteins were further studied using SDS−
PAGE electrophoresis (Figure 2). At a dosage of 50 nkat/g,
most of the sodium caseinate stayed as monomers and the
intensity of the bands of protein polymers with Mw around 97−
206 kDa increased only slightly (lane 3). At a transglutaminase
dosage of 500 nkat/g, most of the sodium caseinate was cross-
linked into polymers and a band of extensively cross-linked
sodium caseinate was observed on the top of the lane (lane 5).
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Physical Stability of Emulsions Made of Non-Cross-
Linked and Cross-Linked Sodium Caseinate. Emulsions
made of the non-cross-linked sodium caseinate (CN) and
cross-linked sodium caseinate by 500 nkat/g transglutaminase
(TGCN) were prepared under the same homogenization
conditions. The lipid oxidation is known to accelerate at the
droplet surface, and susbsequently the rate of lipid oxidation
increases when more surface area is created with smaller droplet
size.1 Therefore, it is important to investigate the droplet size of
CN and TGCN emulsions before discussing the eﬀect of cross-
linking. The volume-surface mean particle diameter (d32) of
the particles in these two emulsions was followed during the
storage time (Figure 3). The pre-emulsiﬁcation cross-linking
did not aﬀect the emulsifying activity of sodium caseinate, since
the mean droplet diameter of the fresh TGCN emulsion was
the same as that of the CN emulsion (0.16 μm). The physical
stability of emulsions was slightly improved by the trans-
glutaminase treatment. A signiﬁcant increase of particle size was
still observed in both of the emulsions during the storage. After
30 days, the mean droplet diameter increased to 0.26 μm for
the TGCN emulsion and 0.38 μm for the CN emulsion because
of either droplet ﬂocculation or coalescence.
Eﬀect of Transglutaminase Catalyzed Cross-Linking
on the Oxidative Stability of Emulsions. The oxidative
stability of the emulsions stabilized by the non-cross-linked
sodium caseinate and the cross-linked sodium caseinate was
further studied. The emulsions made of sodium caseinate cross-
linked by diﬀerent dosage of transglutaminase exhibited very
similar stability against lipid oxidation in the peroxide value
measurements (data not shown). Therefore, only the emulsion
made of sodium caseinate cross-linked by the highest enzyme
dosage (500 nkat/g) was compared with the emulsion with the
unmodiﬁed protein.
Peroxide value is a measure commonly used to describe the
quality of oil, but instead of measuring the rate of hydro-
peroxide formation, it is measuring the concentration of
hydroperoxides in the oil phase, which depends on their
decomposition rate in further steps of the reaction. The rate of
peroxide decomposition may be of importance in aqueous
systems, where it can be catalyzed by the metals present. The
peroxide values were measured in order to study the reaction
rates (Figure 4). The concentration of fatty acid hydro-
peroxides stayed at a relatively low level during the ﬁrst 15 days
of storage for both CN emulsion and TGCN emulsion, whereas
the formation of peroxides in the CN emulsion accelerated after
the induction phase and reached a considerably higher level
(386 mequiv/kg oil) after 26 days compared to the TGCN
emulsion (50 mequiv/kg oil).
Further, the volatile compounds produced during the storage
were analyzed by headspace gas chromatography (Figure 5).
Since the ﬂaxseed oil used in this study contains a mixture of
diﬀerent unsaturated fatty acids, there was a complex mixture of
secondary oxidation products formed during the lipid oxidation.
For this reason, whole chromatograms are shown with two
identiﬁed peaks for propanal and hexanal, respectively, and
other peaks corresponding to the unidentiﬁed oxidation
Figure 1. Ammonia produced in the cross-linking reaction between
lysyl and glutamyl residues in 1% sodium caseinate solution at diﬀerent
transglutaminase dosages at pH 7 and 20 °C for 20 min. Each point
represents the average of two replicates.
Figure 2. SDS−PAGE of the cross-linked sodium caseiante by
transglutaminase. Sodium caseinate was treated with transglutaminase
at an enzyme dosage of 50, 100, and 500 nkat/g at room temperature
overnight: lane 1, prestained SDS−PAGE standard proteins of 206.3,
118.1, 97.3, 54.8, 37.7, 29.4, and 17.5 kDa migrated from the top to the
bottom (BIO-RAD); lane 2, noncross-linked sodium caseinate; lane 3,
cross-linked sodium caseinate with 50 nkat/g transglutaminase; lane 4,
cross-linked sodium caseinate with 100 nkat/g transglutaminase; lane
5, cross-linked sodium caseinate with 500 nkat/g transglutaminase.
Figure 3. Physical stability of emulsions over 30 days of storage. The
emulsions made of noncross-linked and cross-linked sodium caseinate
were stored at room temperature in the dark for 30 days. Samples were
taken every 5 days, and the volume-surface mean particle diameter
(d32) was calculated from volume distribution of three batches of
emulsions. Two measurements of particle size distribution were
conducted from each batch.
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products. The GC analysis was conducted at 0, 6, 12, 18, 24,
and 30 days of storage. For fresh CN emulsions, only one
sound peak of propanal was detected with peak area 2.8 × 104;
the peak area for hexanal was nearly zero. During the following
18 days of storage, a gradual growth was found for the peak area
of propanal (1.2 × 105) and hexanal (3900) and no signiﬁcant
change was found for the overall shape of the chromatogram
(data not shown). At day 24, the peak area of propanal and
hexanal sharply increased to 2.7 × 105 and 1.1 × 104 and a
number of other unidentiﬁed products were detected (Figure
5a). The production of volatiles in the TGCN emulsion was
eﬀectively inhibited. The peak area of propanal and hexanal
increased from 1.1 × 104 to 1.6 × 104 and from 0 to 1300,
respectively, after 24 days of storage (Figure 5b). The result
obtained from the emulsion samples after 30 days of storage
showed the same trend: apparent increase for each peak for the
CN emulsion and slight increase for the TGCN one (data not
shown).
The rate of oxidation was followed by measuring the oxygen
consumption in the emulsions with increasing duration of
storage (Figure 6). Oxygen consumption is a direct measure-
ment of oxygen transfer from the continuous aqueous phase to
the dispersed oil phase and therefore also directly linked with
the formation of fatty acid hydroperoxides in the oxygen-
consuming step of the lipid oxidation reaction. The emulsions
were stored under conditions where large air space and
constant stirring allowed quick and suﬃcient oxygen supply to
the aqueous phase so that the oxygen concentration in the
emulsion samples for the following oxygen consumption
measurement can start from the same saturated level. The
oxygen consumption measurement is based on the lumines-
cence quenching by oxygen from the aqueous phase. The
measurement is performed by minimizing the air space in the
measurement vial. Thus, as oxygen is transferred to the oil
phase, its amount in the aqueous phase is simultaneously
decreasing, which can be measured as reduced rate of
luminescence quenching. The same trend as shown in the
peroxide value measurement results was found indicating that
the lipid oxidation in the TGCN emulsion was obviously
retarded. For the CN emulsion, the lipid oxidation went
through an induction phase for the ﬁrst 10 days of storage. The
rate of oxygen consumption increased from 0.34 to 1.01 mmol/
(L·day). After this phase, the rate sharply increased to 68.7
mmol/(L·day) for the CN emulsion stored for 30 days, which
means the oxygen in the oil phase was rapidly consumed by
high concentration of intermediate products of oxidation. As
comparison, the oxygen consumption rate in TGCN emulsion
was much slower, although a slight increase was observed with
time. The rate of oxygen consumption increased from 0.41 to
3.54 mmol/(L·day) after 30 days of storage.
■ DISCUSSION
The results of oxygen consumption, peroxide value measure-
ment, and headspace analysis showed good correlation with
each other. Under the storage conditions in this work, the lipid
oxidation was probably in the initiation stage during the ﬁrst 10
days, as the rate of oxygen consumption in the aqueous phase
and the production of peroxides were found to be at a low level
(Figures 4and 6). Then the CN emulsion went through the
propagation stage of oxidation as seen from the acceleration of
peroxide production and a much higher oxygen consumption
rate for the next 5−10 days. Similar increase was observed in
the oxygen consumption rate of TGCN emulsion after 20 days
of storage. Only a small amount of volatiles was produced
during this period, since most of the droplets had not reached
the termination stage of oxidation yet. Therefore, no signiﬁcant
change in the GC chromatograms was detected in the CN and
TGCN emulsions during the ﬁrst 24 days (Figure 5). Many
secondary products of oxidation became detectable by GC only
after 24 days of storage. Meanwhile the rate of oxygen
consumption and peroxide production were still increasing.
This may be explained by the variation of the oxidative stage of
oil droplets; some of them may have been oxidized more
quickly than the others.
Figure 4. Oxidation measured as peroxide values of ﬂaxseed oil
emulsions as stored without light exposure at 20 °C with mixing and
large airspace to ensure supply of oxygen to continuous phase.
Figure 5. Headspace analysis. The secondary products of lipid
oxidation were followed by head space gas chromatography. The
whole chromatograms of fresh emulsions prepared with non-cross-
linked and cross-linked sodium caseinate and the emulsions after 24
days of storage were presented by plotting the detector response
against retention time.
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Besides the above-described properties, particle size was
monitored and obtained to be the same for both emulsions
during the ﬁrst 10 days of storage (Figure 3). The particle size
increased later to less extent of the TGCN emulsion, indicating
that the cross-linking had improved the physical stability of the
emulsion. On the other hand smaller particles mean that
TGCN emulsion had larger surface area than CN emulsion,
which in turn mean larger oxygen ﬂux and higher probability of
the oxidation products to interact with the interface.1
The primary hypothesis of this work was that by increasing
the interactions between the protein molecules that are
responsible for forming the interfacial layer, diﬀusion of oxygen
across the layer could be hindered. Overall the initiation stage
of oxidation was 10 and 20 days for CN and TGCN emulsions,
respectively. Thus, the oil in TGCN emulsion oxidized much
more slowly than in CN emulsion. But the rate of oxygen
consumption during the initiation period was roughly the same
for both emulsions, 0.5−1 mmol/(L·day), considering the small
variation in the oxidation rate during the initiation stage. A
steady state Fickian diﬀusion model could be applied for the
interface to help the interpretation of the obtained results. The
steady state means that the oxygen ﬂux does not depend on
time, but it depends on the diﬀusion coeﬃcient of oxygen
within the interface, on the thickness of the layer, and on the
concentration gradient across the interface. It is also necessary
to assume that oxygen is consumed once it is transported into
the oil phase, and thus, the oxygen concentration is zero in the
oil phase. This means that oxygen transport across the interface
is the rate-controlling step of oxidation.3,21 Furthermore, as
Fickian diﬀusion is applied, the thickness of the interface has to
be considerably larger than the dimensions of the oxygen
molecule, which is a reasonable assumption as casein forms
multilayers of approximately 10 nm in thickness.22 Since the
particle sizes of the emulsions were almost the same for the ﬁrst
10 days and later did not much diﬀer from each other, it can be
assumed that the eﬀective surface area of the oil droplets was
the same during the initiation period of oxidation. Thus, the
data can be evaluated based on steady state Fickian parameters.
Because the oxygen consumption rates were similar for both
emulsions with the same surface area, the retarded oxidation of
the oil in TGCN emulsion cannot be explained by the change
in diﬀusion coeﬃcient or increase in the thickness of the
interface or decrease of the oxygen gradient across the interface.
Apart from oxygen transfer, the cross-linked interfacial layer
might inhibit the formation of lipid radicals by limiting the
interaction between transition metals in the aqueous phase and
the oil phase. Therefore, less hydroperoxides were formed in
the TGCN emulsion, supported by the peroxide value
measurement (Figure 4), and as a result, the lipid oxidation
in the cross-linked emulsion was retarded. The peroxide value
measurement is not measuring the rate of hydroperoxide
formation but instead the diﬀerence between their formation
and decomposition rates.23 Contact with transition metals
could also have a role in decomposition of hydroperoxides.
This contribution was not supported by the results of the
present study, as no accumulation hydroperoxides in the oil
phase could be observed for the cross-linked emulsion. A
possible explanation for the same oxygen ﬂuxes but delayed
oxidation in the case of TGCN emulsion could be due to the
diﬀerent interplay between the reaction products and the
interface. The cross-linked sodium caseinate could better
protect the interface against adsorption of surface-active
compounds produced during the oxidation than CN emulsion
and thereby could limit the transfer of these oxidation
intermediates into the aqueous phase. Previous study of the
displacement of polymerized interfacial protein by surfactant
could indirectly provide evidence for the inhibition eﬀect of the
cross-linked proteins on the transfer of transition metals and
oxidation intermediates across the interface.24
A comparable study reported by Kellerby et al. had shown
that increasing the cohesiveness of the adsorbed sodium
caseinate at the O/W interface did not improve the oxidative
stability of emulsions. The transglutaminase cross-linked
interfacial sodium caseinate did not inﬂuence the diﬀusion of
small pro-oxidant molecules to the core of oil droplets.2 With
the lipids that are both very susceptible to oxidation, the major
diﬀerences between these two studies were the time point
where cross-linking was applied and the storage methods of
emulsions. In Kellerby’s study, the emulsions were stored at
high temperature (55 °C) with limited air space and no
agitation. Compared with the present study, where the aqueous
phase of the emulsion was kept saturated with oxygen, the
conditions were very diﬀerent and probably responsible for the
diﬀerent results. Also the interfacial protein layers formed may
Figure 6. Oxygen consumption measurement. The oxygen consumption in emulsions stored for 0, 5, 10, 15, 20, 25, and 30 days was monitored
using a single-channel oxygen meter. The consumed oxygen was plotted against time, and the rate of oxygen consumption was calculated as the slope
of the linear part of each plot. The unit is presented in millimole of oxygen consumed in 1 L of emulsions per day.
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be structurally diﬀerent as in the work by Kellerby et al.;
interfacial modiﬁcation was used in comparison to the bulk
modiﬁcation used in the present study. In Kellerby’s study, the
modiﬁcation after the formation of emulsions was shown to
occur between the adsorbed interfacial proteins rather than
between the adsorbed proteins and proteins in the aqueous
phase. Therefore, the cross-linking reaction resulted in an
increased cohesiveness. In our study, sodium caseinate was
cross-linked prior to the emulsiﬁcation process. For this type of
cross-linking, we have previously shown that dilatational elastic
modulus of the air−water interface was little aﬀected compared
with interfacial modiﬁcation in the same system.25 When the
protein polymers had adsorbed onto the droplet surface, an
interfacial layer with stronger resistance against the penetration
of pro-oxidants and against the adsorption of oxidation
products compared to that formed with the uncross-linked
proteins may form.
This study has shown the potential use of transglutaminase
to improve the oxidative stability of protein stabilized
emulsions. A remarkable increase in oxidative stability of
ﬂaxseed oil emulsions was found when enzymatic cross-linking
of emulsifying protein was performed. The increased stability
was directly evidenced with delayed propagation stage based on
reduced formation of fatty acid hydroperoxides and volatiles
and a longer period of low rate oxygen consumption. The exact
mechanism of increased stability is yet to be clariﬁed, but at
present the most likely explanation is the improved stability of
TGCN interface in the presence of oxidized oil. Cross-linking
may also have changed the ratio of adsorbed versus
nonadsorbed protein, which could increase the thickness of
the interfacial protein layer and thus also the amount of
antioxidative functional groups of protein localized at the oil−
water interface. In future work, it is very interesting and
necessary to ﬁnd out the actual reason for the phenomena
reported in this study. It would also be interesting to modify
the interfacial proteins in a way that both the electrostatic and
steric repulsion against pro-oxidants can be strengthened at the
same time. An ideal modiﬁed protein could form a thick
interfacial membrane with extensive positive charge. Making a
protein conjugate with cationic polysaccharide by Maillard
reaction could be one possible scenario. Besides, Ma et al.
reported modiﬁcation methods to modify the surface charge of
milk protein emulsiﬁers to positive or negative values at one
certain pH. This would provide a good model for studying the
eﬀect of interfacial charge on the oxidative stability of
emulsions.26,27
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